Electroanalytical Studies of Polyaniline : Polyacrylonitrile Composites by Khatoon, Atika
ELECTROANALYTICAL STUDIES OF 
POLYANILINE: POLYACRYLOMITRILE 
OMPOSITES 
DISSERTATION 
SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE AWARD OF THE DEGREE OF 
ittasftcr of ^jjilosopl)? 
IN I 
APPLIED CHEMISTRY 
BY 
ATIKA KHATOON 
>m> 
UNDER THE SUPERVISION OF 
DR. FAIZ MOHAMMAD 
D. Phil (Sussex) 
.'^ i j 
DEPARTMENT OF APPLIED CHEMISTRY 
ZAKIR HUSSAIN COLLEGE OF ENGG. & TECH. 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
2006 
j - t S J L" V 
-^
i^tw 
V2.r-a Aza 
' 5 J U [ ?(!p(; 
DS3576 
(Dedicated 
to 
my parents 
for their endless Owe, support 
and 
encouragement 
DEPARTMENT OF APPLIED CHEMISTRY 
FACULTY OF ENGINEERING & TECHNOLOGY 
ALIGARH MUSLIM UNIVERSITY, ALIGARH 
This is to certify that the work embodied in this thesis entitled 
''ELECTROANALYTICAL STUDIES OF POLYANILINE: 
POLYACRYLONITRfLE COMPOSfTES" Is the original contribution of 
Miss. Atika Khatoon, carried out under my guidance and supervision 
and is being submitted in the partial fulfillment of the requirements for 
the award of degree of Master of Philosophy in Applied Chemistry from 
Aligarh Muslim University, Allgarh. This work has neither been 
submitted, nor is it being submitted, for any other degree. 
FAIZ MOHAMMAD, D.Phil. (Sussex) 
Senior Lecturer in Applied Chemistry 
(Supervisor) 
Dated: November 16 , 2006 
ACKNOWLEDQEMEOT 
I am most indebted to the grace o\ M-MigfityM^ah^^o inspires 
the humanity towards knowledge, truth and eternal joys. 
I would like to avail this opportunity to express my deep sense 
of gratitude to my supervisor (Dr. ^aiz 9dofiammad. His insightful 
ideas, right-on-time suggestions, valuable guidelines and 
encouragement during the course of investigations and preparation 
of this manuscript had made my M.Phil research work go smoothly. 
I am thankful to the chairman (Dr. Jlfi Mohammadiox his timely 
assistance. Many thanks to all the teaching and non-teaching staff of 
the Department of Applied Chemistry for the help they could provide. 
Special thanks should go to 9^r MofiammacCKfiaCid^or his many 
enlightening ideas and valuable discussions on my research work, 
without which my present research work would have not been 
possible. 
I will always be grateful for the advice and assistance of my 
senior, Mr Inamuddin, for extending help within his capacity during 
this period. Thanks are also due to all my friends and colleagues, 
especially Ms. TaSassum, Mr J^nees and Ms. Sfiagufta. 
I also take this as an opportunity to thank my university, AMD, 
which has been a ground for nurturing and extending my education. 
Last but not the least, I offer my cordial regards to my parents, 
and a deep sense of affection to my brothers yimer, Medan6 ^ / i and 
sisters ZaineB and SuCma for their constant inspiration and support. 
(ATIKA KHATOON) 
CONTENTS 
CONTENTS 
Certificate i 
Acknowledgements ii 
Contents iji 
List of figures viii 
List of tables x 
Cheipter-1 Introduction 
1. Polymer 1 
1.1 Polymerization 1 
1.1.1. Chain (Addition or Vinyl) Polymerization 1 
1.1.2. Step (Condensation) Polymerization 2 
1.1.3. Copolymerization 2 
1.2. Polymerization Techniques 3 
1.3. Classification of Polymers 3 
1.4. Structure and Properties of Polymers 3 
.1.4.1. Chemical and Geometrical Structures 5 
. 1.4.2. Degree of Polymerization 6 
. 1.4.3. Molecular Weight and Molecular Weight Distribution 6 
.1.4.4. Crystallinity and Thermal Transitions 6 
III 
1.2. Electrically Conducting Polymers 9 
1.2.1. Electrical Conductivity 10 
1.2.2. Structure of Conducting Polymers 11 
1.2.3. Conductivity in Conducting Polymers 15 
1.2.4. Role of Dopant 17 
1.3. Composite Materials 21 
1.3.1. Polymer matrix composites 22 
1.3.2. Conducting polymeric composites 23 
1.4. Degradation and stabilization 23 
1.4.1. Polymer degradation 23 
References 27 
Chcipter-2 Review of literature 
2.1. Electrically conducting polymer 30 
2.2. Organic based conducting polymers 31 
2.2.1. Polyacetylene (PA) 32 
2.2.2. Polypyrrole(PPy) 33 
2.2.3. Polythiophene (PTh) 35 
2.2.4. Polyaniline (PANI) 36 
2.2.4.1. History of Polyaniline 36 
2.2.4.2. Synthesis of Polyaniline 36 
2.2.4.3. Structures and forms of Polyaniline 37 
IV 
2.2.4.4. Oxidation states of Polyaniline 39 
2.2.4.5. Mechanism of conduction 42 
2.2.4.6. Doping of Polyaniline 42 
2.3. Non-conducting polymers 45 
2.3.1. Polyacrylonitrile 46 
2.4. Polyaniline based Composites 47 
2.5. Electrochemistry of Polyaniline Composites 51 
2.5.1. Historical Background 51 
2.5.2. Electrochemical Cell 55 
2.5.2.1. Doping in an electrochemical cell 56 
2.5.3. Polyaniline as Cathode-active Material 58 
2.5.4. Diffusion in Conducting Polymers 61 
2.5.4.1. Diffusion in Polyaniline 62 
2.5.4.2. Estimation of Dopant Ion Concentration 65 
2.5.4.3. Estimation of Diffusion Coefficient 66 
2.5.5. Pick's Law 68 
2.5.6. Factors affecting Diffusion 70 
2.5.6.1. Effect of Temperature 70 
2.5.6.2. Effect of Polymer Morphology 71 
2.5.6.3. Effect of the Diffusant Size and Concentration 71 
2.5.6.4. Effect of Diffusant Solubility in the Polymer 72 
2.5.6.5. Effect of Electrostatic Interactions 72 
2.5.6.6. Effect of Impurities 73 
References 74 
Chapter-3 Experimental 
3.1. Materials 84 
Synthesis of Poiyaniline 84 
Preparation of Poiyaniline; Polyacrylonitrile Composite 85 
Films 
Casting of Films 85 
Processing of the Films 87 
Doping of Conducting Films 87 
Characterization of the Composite Films 87 
DC Electrical Conductivity Measurements 87 
Scanning Electron Microscopy of the Composite Films 90 
Thermal Stability of the Composite Films 90 
Electrochemical Cell 90 
Requirements 91 
Setup of the Electrochemical Cell 91 
Diffusion Behavior of Composite Films 94 
Estimation of Dopant Ion Concentration in the Films 94 
Electrochemical Discharging and Charging Processes 95 
Estimation of Diffusion Coefficient 96 
References 98 
3.2. 
3.3. 
3.3.1. 
3.3.2. 
3.3.3. 
3.4. 
3.4.1. 
3.4.2. 
3.4.3. 
3.5. 
3.5.1. 
3.5.2. 
3.6. 
3.6.1. 
3.6.2. 
3.6.3. 
VI 
Chapter-4 Results and Discussions 
4.1. Synthesis of Polyaniline 99 
4.2. Undoping and Doping of Composite Films 101 
4.3 CJiaracterization 106 
4.3.1. FTIR Studies 106 
4.3.2. SEM Studies 110 
4.3.3. Thermal Stability in Terms of DC Electrical Conductivity 110 
Retention 
4.4. Discussions on Electrochemistry of PANI:PAN 112 
Composite Films 
4.4.1. Charging-discharging phenomenon 112 
4.4.2. Estimation of Diffusion Coefficient 119 
References 127 
Chapter-5 Conclusion and Future Work 
5.1. Conclusion 128 
5.2 Suggestion for Future Work 130 
VII 
LIST OF FIGURES 
Figure-1 Classification of Polymers 4 
Figure-2 Change of various transition states with 8 
temperature in polymeric materials 
Figure-3 Chemical structures of some common conducting 13 
polymers 
Figure-4 Schematic diagram of band structures of insulators, 16 
semiconductors and metals 
Figure-5 Propagation of a polaron through a conjugated 19 
polymer chain by rearrangement of double and 
single bonds 
Figure-6 The effect of dopants on the conductivity of polymer 20 
Figuire-7 Formation of radical cation ("polaron") by removal of 34 
one electron from the chain (a -> b). The polaron 
migration shown in c -* e 
Figure-8 Cis and trans isomers of polyacetylene 34 
Figuire-9 The four states of polyaniline 38 
Figure-10 a) Generalized composition of polyanilines 40 
indicating the reduced and oxidized repeat units, b) 
completely reduced polymer, c) half-oxidized 
polymer, d) fully oxidized polymer 
Figure-11 Oxidation and reduction in polyaniline 41 
Figure-12 Conductivity of Electronic polymers 44 
Figure-13 Setup of the Electrochemical Cell 93 
VIII 
Figure-14 FTIR spectra of polyaniline: polyacrylonitrile 108 
(PANI.PAN) composites- a) PANI, (b) PAN, (c) 
PANI:PAN-1, (d) PANI:PAN-2 and (e) PANI:PAN-3 
Figure-15 SEM photographs of polyaniline: polyacrylonitrile 111 
composites taken at two different magnifications 
Figure-16 Isothermal stability in terms of DC electrical 114 
conductivity with respect to time of (a) PAN I: PAN-1 
and (b) PANI:PAN-2 composites 
Figure-17 Electrochemical discharging of polyaniline: 117 
polyacrylonitrile (PANI:PAN) composite films (a) 
PANI:PAN-1, (b) PANI:PAN-2 and (c) PANI:PAN-3 
in an AICI3 electrolyte dissolved in DMSO. 
Figure-18(a) Diffusion behaviour of polyaniline: polyacrylonitrile-1 123 
(PANI: PAN-1) composite films and estimation of 
diffusion coefficient 
Figure-18(b) Diffusion behaviour of polyaniline: polyacrylonitrile-2 124 
(PANI: PAN-2) composite films and estimation of 
diffusion coefficient 
Figure-18(c) Diffusion behaviour of polyaniline: polyacrylonitrile-3 125 
(PANI:PAN-3) composite films and estimation of 
diffusion coefficient 
IX 
LIST OF TABLES 
Table-1 Comparison of some physical properties 12 
Tabie-2 Various possible experimental conditions for the 86 
synthesis of Polyaniline 
Table-3 Preparation of polyaniline: polyacrylonitrile 86 
(PANI.PAN) composite films 
Table-4 Specification of polyaniline: polyacrylonitrile 88 
(PANI:PAN) composites films 
Table-5 Study of yield percentage of polyaniline at different 100 
experimental conditions 
Tablle-6 Electrical conductivity of polyaniline: polyacrylonitrile 107 
(PANI:PAN) composites films 
Table-7 FTIR peak positions (cm'"') of polyaniline (PANI), 109 
polyacrylonitrile (PAN) and polyaniline: 
polyacrylonitrile (PANI:PAN) composites 
Table-8 Stability of DC electrical conductivity of polyaniline: 113 
polyacrylonitrile (PANLPAN) composites (under 
isothermal condition) 
Table-9 Discharging of polyaniline: polyacrylonitrile 116 
(PANI:PAN) composite films 
Table-10(a) Diffusion behavior of polyaniline: polyacrylonitrile-1 120 
composite films and estimation of diffusion coefficient 
Table-10(b) Diffusion behavior of polyaniline: poiyacrylonitrile-2 121 
composite films and estimation of diffusion coefficient 
Table-10(c) Diffusion behavior of polyaniline: polyacrylonitrile-3 122 
composite films and estimation of diffusion coefficient 
INTRODUCTION 
CHAPTER-1 
1. Intrcduction 
1.1. Polymer 
The word polymer is derived from two Greek words "poly" which 
means many and "meres" which means parts. So a polymer may be 
defined as a long chain molecule produced by repeated joining of 
small chemical units (monomers) by covalent bonds. 
1.1.1. Polymerization 
The process of producing polymers by repeated joining of monomers 
with itself or with other similar molecules is called polymerization. To 
form polymer, a monomer must have at least two reactive sites by 
virtue of presence of a double bond, two reactive functional groups or 
two easily replaceable hydrogen etc. [1]. The process of 
polymerization may follow different chemistry depending on the 
mechanism of joining of the monomer units as follows. 
1.1.1.1. Chain (Addition or Vinyl) Polymerization 
This polymerization involves joining of monomers (generally vinyl 
type) by chain reaction. The reaction is very fast and high molecular 
weight polymer is formed. It involves three steps namely (i) initiation, 
(ii) propagation and (iii) termination. This polymerization can be 
brought about by free radicals, ions or coordination compounds. 
Monomers that undergo polymerization by tliis process are vinyl, allyl, 
olefins and dienes [2, 3]. 
1.1.1.2. Step (Condensation) Polymerization 
It proceeds through the individual reaction between the functional 
groups of the monomers. The reaction takes place in stepwise 
mianner, so that the reaction proceeds for relatively longer period of 
time. As this reaction takes place step-wise, the chain length 
increases slowly and high molecular weight polymers are formed only 
towards the end of the reaction. This type of polymerization is used 
in the synthesis of polyesters, polyamides, polyethers, polyurethanes, 
etc. [4, 5]. 
1.1.1.3. Copolymerization 
Simultaneous polymerization of two different monomers results in 
copolymers with unique and valuable properties. Copolymerization 
can be brought about by free radical, ionic and polycondensation 
mechanisms. One of the examples is the copolymer of an olefin and 
a diolefin possesses the properties of stiffness as well as extensibility 
and thus is more useful as an elastomer than the homopolymer made 
from a diolefins. Copolymers, on the basis of their style of joining of 
the monomers, may be of following types - (i) alternating, (ii) random, 
(iii) block and (iv) graft [6, 7]. 
1.1.2. Polymerization Techniques 
It is the physical aspects of polymerization reactions. The process of 
polymerization is carried out under the control of certain physical 
factors such as the nature of monomer, the type of polymerization 
mechanism chosen, the required physical form of the polymer 
produced and the reproducibility of the process for industrial 
production. Different polymerization techniques used in the polymer 
production include: bulk polymerization, suspension polymerization, 
emulsion polymerization, solution polymerization, electrochemical 
polymerization, melt polycondensation, solution polycondensation, 
interfacial condensation, solid state, gas phase and plasma 
polymerization [8, 9]. 
1.1.3. Classification of Polymers 
Large number of chemical compounds undergo polymerization to 
produce polymers for a variety of applications due to their wide range 
of physical, chemical, mechanical, thermal and electrical properties 
[1, 8,10-12]. Figure-1 gives the bird eye view of the classification of 
polymers. 
1.1.4. Structure and Properties of Polymers 
Polymers exhibit a wide range of physical, chemical, mechanical, 
thermal and electrical properties due to the difference in their 
chemical and geometrical structures, molecular weight, molecular 
weight distribution, crystallinity and crystallizability etc. The wide 
spectrum of polymeric properties have already been explored and 
Classification of polymers on the basis of 
Origin 
(a) Natural polymers 
(b) Synthetic polymers 
(c)Semi-synthetic polymers 
Physicomechanical 
Properties 
(a) Glasses 
(b) Elastomers 
(c) Fibers 
(d) Foams (hard and soft) 
(e) Liquid Resins 
Thermal Behavior 
(a) Thermoplastics 
(b) Thermosets 
Application and Uses 
(a) Commodity polymers 
(b) Engineering polymers 
(c) Specialty polymers 
< — • 
< — • 
J 
Back bone 
(a) Organic polymers 
(b) Inorganic polymers 
(c) Organo-inorganic polymers 
Chemical Structure 
(a)Homo-polymers 
(a) Straight chain polymers 
(b) Branched chain polymers 
(c) Cross-linked polymers 
(d) Ladder form polymers 
(e)Cruciform polymers 
(f)Comb-like polymers 
(g) Star-like polymers 
(b)Copolymers 
(a) Random 
(b) Alternate 
(c) Block 
(d) Graft 
Figure-1. Classification of Polymers 
developed by the polymer chemists to obtain polymer with a 
combination of several desirable properties in a single polymer. 
1.1.4.1. Chemical and Geometrical Structures 
The chemical parameters, which relate to the aggregate structure of a 
polymer are the type of monomer units making the polymer chain 
(organic or inorganic), the number of monomers used in the polymer 
formation and the different functional constituents in the polymer 
chains. They influence the extent of crystallinity, flexibility and 
symmetry of the polymer chains [13]. 
Geometrical aspects depend upon the spatial arrangement of the 
monomer units with respect to each other in a polymer chain contain-
ing chirality. Polymers having same repeating monomer units may 
have their arrangements in d- or I- forms in different ways and thus 
can have different structures. On this basis, polymers are (i) atactic 
(ii) isotactic and (iii) syndiotactic. Tacticity is the growth of polymer 
chains resulting in different three dimensional arrangements which 
results in the classification as follows- (i) linear, (ii) branched, (iii) 
cross linked, (iv) comb shaped, (v) regular comb shaped, (vi) ladder, 
(vii) semi ladder, (viii) cruciform, (ix) star shaped structures, etc. 
The effects of the above parameters are reflected in the 
properties of the polymers such as tensile strength, hardness, 
modulus, crystallinity, crystallizability, solubility etc. [14]. 
1.1.4.2. Degree of Polymerization 
The number of repeated units (monomers) present in a polymer is 
referred to as "degree of polymerization (DP)". If the DP is 1000, it is 
the number of monomer residues that are is 1000 in a polymer 
molecule. Polymeric properties are also affected by DP [14,15]. 
1.1.4.3. iVIolecular Weight and Molecular Weight Distribution 
Molecules of a polymer are different from the molecules of a low 
molecular weight chemical compounds that contains the molecules of 
same molecular weight (mono-dispersed). Whereas a polymer 
contain molecules each of which can have different molecular weight 
(poly-dispersed). Hence, the molecular weight of a polymer is 
expressed as an average value. The physical properties of a polymer 
notably the tensile strength and impact resistance are intimately 
related to the molecular weight and molecular weight distribution of 
the polymer. The mechanical properties of a polymer generally 
increase with the increase in molecular weight in a non-linear fashion. 
But the increase in molecular weight also results in some undesirable 
characteristics such as increase in melt viscosity leading to difficulty 
in the melt processing, a decrease in solubility in its solvent leading to 
difficulty in solution processing of the polymer [16,17]. 
1.1.4.4. Crystallinity and Thermal Transitions 
Crystalline state consists of definite crystalline region called 
crystallites embedded in amorphous random matrix. As a matter of 
fact, polymers are rarely 100% crystalline. Linear polymer chains 
packed both in amorphous and crystalline fashions. Crystallinity of a 
polymer sample is defined as a fraction of sample, which is 
crystalline. Polymers can be divided into two classes: (i) those 
polymers that are amorphous under all conditions and (ii) those that 
are semi-crystalline. Polymers possessing high crystallinity do not 
pass to soft and rubbery state from solid state on heating; rather they 
pass directly to the polymer melt state from the solid state. The 
temperature at which this transition takes place is called the 
"crystalline melting point (Tm)". 
On the other hand, polymers possessing low degree of 
ci^stalfinity pass from hard glassy state into soft, flexible and rubbery 
state on heating. The temperature at which this change occurs is 
called glassy state to rubbery state transition or "glass transition 
temperature (Tg)". On further heating, amorphous polymers go into 
highly viscous liquid and start flowing. This state is termed as "visco-
fluid state" and the temperature at which this transition occurs is 
called as "flow temperature (Tf)" (Figure-2) [18,19]. 
The properties of a polymer like density, modulus, hardness, 
permeability and heat capacity will be largely affected by its 
cirystallinity. 
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Frozen 
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ST Stress Transfer Property 
~ Does not exist 
+ Exists 
-Lost 
± Partially retained 
+ Fully retained 
Figure-2. Change of various transition states with temperature in 
polymeric materials [20]. 
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Factors that contribute to the inherent crystalline and amorphous 
structures of polymers are chain flexibility, inter molecular forces, 
structural regularity and steric effects. Polymers containing regularly 
spaced C-C, C-N, and C-0 bonds allow rapid conformational 
changes that contribute to the flexibility of a polymer chain and the 
tendency towards crystal formation. Chain stiffness may also 
enhance crystallization by permitting only certain well-ordered 
conformations to occur within a polymer chain [20]. 
1.2. Electrically Conducting Polymers 
The electrically conductive polymers have been the focus of 
numerous studies because of their unique chemical and electronic 
properties unlike we were used to polymers - that is, plastics - being 
somehow the opposite of metals. They are insulators, they do not 
conduct electricity. Electric wires are coated with polymers to protect 
them - and us - from short circuits [21]. 
Yet, Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa 
have changed this view with their discovery that a polymer, 
polyacetylene, can be made conductive almost like a metal [21]. The 
ability to dope these polymers over the wide range of electrical 
conductivity from insulator, through semi-conductor, to metal, opened 
a new field of research and perspective [22]. 
Organic conducting polymers have been studied extensively due 
to fundamental interests in reaction mechanisms as well as for their 
possible applications in a range of electronic devices. One of the first 
applications of these materials was in rechargeable batteries [23]. 
Conjugated polymers in the undoped and doped conducting state 
have an array of potential applications in the microelectronics industry 
which include energy storage devices, electrochemical/chemical 
sensors, electrochromic devices, sensor switchable membrane, anti-
corrosive coatings, biosensors, electrochromic devices etc. [24]. 
Today conductive plastics are being developed for many uses, 
such as in corrosion inhibition, compact capacitors, antistatic 
coatings, electromagnetic shielding of computers, transistors, light-
emiitting diodes, lasers with further applications such as in flat 
television screens, solar cells, and in "smart" windows that can vary 
the amount of light they allow to pass etc. [21]. In the past few years, 
most research efforts have focused on electrochemical driven 
conducting polymers actuators because they are lightweight, have 
low operating potential, have high mechanical strength, and have 
potential applications in advanced robotics, micro-actuators and 
artificial muscles [25]. Polymers have the potential advantages of 
low cost and that they can easily be processed, e.g., as films [21]. 
1.2.1. Electrical Conductivity 
Resistance: R = V/l unit: O (Ohm) 
Conductance: C = R'^  unit: Q'^  = S (Siemens) 
Resistivity: p = RA/W unit: Qcm 
Conductivity: a = p"^  unit: (Ocm)"^ = Scm'^ 
a = L/RA 
V = voltage (Volts) 
10 
I = current (Amperes) 
W = thickness of the sample (cm) 
A = area of the cross section of sample (cm^) 
1.2.2. Structure of Conducting Polymers 
On their ability to conduct electricity, materials can be divided into 
insulators, semiconductors and metals. Conducting polymers are 
generally classified as semiconductors, although some highly 
conducting polymers such as polyacetylene, fall into the metallic 
range [23]. Table-1 compares some of the physical properties of 
insulators, metals and conducting polymers. 
The key property of a conducting polymer is the presence of 
conjugated double bonds along the backbone of the polymer chain, 
usually interspersed with atoms such as nitrogen, sulfur and oxygen. 
Conjugated polymers possess a unique combination of 
properties that are not found in any other known material. 
Structures of some common conducting polymers are given in 
Figure-3. 
In conjugation, the bonds between the carbon atoms are 
alternately single and double. Every bond contains a localized 
"sigma (a)" bond, which forms a strong chemical bond. In addition, 
every double bond also contains a less strongly delocalized "pi (TT)" 
bond, which is weaker. Organic chemistry shows that conjugated 
double bonds behave quite differently from isolated double bonds. 
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Table-1. Comparison of some physical properties of metals, 
semiconductors and metals. 
Materials 
Insulators 
Metals 
Conducting 
polymers 
Electrical 
Conductivity 
(Scm-^ ) 
-IQ-12 .,Q-20 
10^-10"^ 
10^-10-''^  
Charge-
Carriers 
none 
electrons 
electrons 
and 
holes 
Effect of 
Impurities 
strong 
comparatively 
less 
impurities 
(doping 
agents) of 
0.1-1% 
change 
conductivity 
by 2-3 orders 
1 of magnitude 
Magnetic 
Properties 
diamagnetic 
ferro- and 
diamagnetic 
paramagnetic 
12 
Poly(phenylenevinylene) 
r\ 
n 
Polyparaphenylene 
\ 
n 
Polyacetylene 
H 
N 
ii '^n 
Polypyrrole 
W // 
n 
Polythiophene Poly(phenylene sulfide) 
-N 
H 
N-
H 
Polyaniline 
-N^  n 
n 
Figure-3. Chemical structures of some common conducting 
polymers. 
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As the word indicates, conjugated double bonds act collectively, 
"knowing" that the next-nearest bond is also double. 
Huckel's theory and other simple theories predict that electrons 
are delocalized over the entire chain and that the band gap becomes 
vanishingly small for a long enough chain. In a very long conjugated 
system, the discrete set of molecular electronic states merge into a 
half-full valence band, giving metal-like condition within the chain. 
When looking at the distribution of electron density, to which all filled 
molecular orbitals contribute, the electrons are predicted to be 
spaced out rather evenly along the entire chain. In other words, all 
bonds are predicted to be equal. However, conjugation is not enough 
to make the polymer material conductive. In addition charge carriers 
in the form of "extra electrons" or "holes" have to be injected into the 
material- and this is what a dopant does. A hole is a position where 
an electron is missing. When an electron jumping in from a 
neighboring position fills such a hole, a new hole is created and so 
on, allowing charge to migrate a long distance [21]. 
It was originally believed that the mechanism of conduction in 
polymeric materials was electron transport through the system of 
conjugated multiple bonds. With the bonds in the single plain and the 
TT-orbitals parallel, the orbitals of the Tr-electrons overlap to form a 
single delocalized cloud of ir-electrons over the entire molecule. This 
theory was based on the observation that the bond lengths in 
conjugated systems were equal with a value of 1.42-1.47 nm, which 
is intermediate between the value of the single bond (1.54nm) and 
14 
the double bond (1.34nm). This also results in the electron density of 
the TT-orbitals being equalized over the conjugated system. A more 
recent explanation of the mechanism of conduction in polymeric 
materials is presented in the next section. 
1.2.3. Conductivity in Conducting Polymers 
The electrical conductivity of a material depends on its electronic 
energy level structure [23]. In a metal, the orbitals of the atoms 
overlap with the equivalent orbitals of their neighboring atoms in all 
directions to form molecular orbitals similar to those of isolated 
molecules. With 'n' interacting atomic orbitals we will have n 
molecular orbitals. In metals, however, n will be a very large number 
(typically 10^^ atoms in 1 cm^ metal piece). With so many molecular 
orbitals spaced together in a given range of energies, they form an 
apparently continuous band of energies (Figure-4). 
In a metal atom, in contrast to, e.g. an atom of an inert gas, the 
valence orbitals are not filled. Thus the band of n molecular orbitals 
will not be filled either, but at a certain energy level all molecular 
orbitals above this level will be empty. The energy spacing.between 
the highest, occupied and the lowest, unoccupied, bands is called the 
band gap. The lowest unoccupied band is called the conduction 
band and the highest occupied one the valence band. The 
conductivity of the metal is either due to partly-filled valence bands, or 
due to the band gap being near zero, so that with even a weak 
electric field the electrons easily redistribute: electrons at higher 
energy and holes at lower energy. The electrical properties of 
15 
Increasing 
Energy 
-bandwidth. 
• 
eV 
Insulators Semiconductors 
no band gap overlapping 
Metals 
Energy levels in Conduction band 
Energy levels in Valence band 
Figure-4. Schematic diagram of band structures of 
insulators, semi-conductors and metals. 
Band width of insulators = >6 eV, semi conductors = ~1 eV 
and metals = 0 eV or overlapping 
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conventional materials depend on how the band is filled. Conduction 
occurs when an electron is promoted from the valence band to the 
conduction band but only when the bands are neither full nor empty. 
In conventional semiconductors the band gap being small, rise in 
conductivity may be due to thermal excitation. 
Conducting polymers are hence different as they conduct 
without having either partially filled or partially empty bands. The 
electronic ground state of conducting polymers is that of an insulator, 
with a forbidden energy gap between the valence band and 
conduction band. The conductivities of these polymers are 
transformed through the process of doping [23]. 
1.2.4. Role of Dopant 
The role of the dopant is either to remove or to add electrons to the 
polymer. These dopants act as charge transfer agents. The 
electrical conductivity can be increased by "doping" i.e. p-type 
doping (oxidation) while n-type doping (reduction) increases the 
electrical conductivity to many orders of magnitude. 
They are positioned interstitially between the polymer chains and 
donate electrons to, or accept electrons from the polymer backbone. 
If an electron is removed from the top of the valence band of a semi-
conductive polymer, the vacancy (hole) so created does not 
delocalize completely, as would be expected from classical band 
theory. If one imagines that an electron be removed locally from one 
carbon atom, a radical cation would be obtained [21]. 
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The concept of doping is the unique, central, underlying and 
unifying theme, which distinguishes conducting polymers from all 
other types of polymers. During the doping process, an organic 
polymer, either an insulator or semiconductor having very low 
conductivity, typically in the range 10'^ ° to 10'^  Scm"\ is converted 
into a polymer, which is in the "metallic" regime (ca. 1 to 10"* Scm"^ ). 
Both the doping and undoping, involving dopant counter-ions may be 
carried out chemically or electrochemically [26]. 
It was found that doping results in rearrangement of polymer 
chains and thereby new ordered structures are formed which contain 
charged defects. The charged fragment can travel along the polymer 
chain by rearrangement of double and single bonds, as illustrated by 
Figure-5. Low doping levels give rise to polarons, while high doping 
levels tend to give rise to bipolarons [23]. 
An oxidizing (acceptor type) dopant abstracts electrons from the 
polymer chains and reducing (donor type) dopant introduces 
electrons to the polymer chains. The negative or positive charges 
being added to the polymer upon doping donot simply begin to fill the 
conduction or valence bands. Figure-6 provides a schematic 
representation of the effect of dopants on the conductivity of 
materials, with respect to the band gap theory [23]. Therefore 
electrical conductivity in polymer is primarily dependent on the extent 
of doping and the type of doping agent [27]. 
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Figure-5. Propagation of a polaron through a 
conjugated polymer chain by rearrangement of 
double and single bonds. 
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Figure-6. The effect of dopants on the electrical conductivity 
of conjugated polymers. 
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1.3. Composite Materials 
Although, composites were known to mankind since prehistonc times, 
the concept and technology have undergone a sea change with 
better understanding of the basics like the bonding mechanism 
between the matrix and dispersoids, dispersoid size and distribution, 
morphological features etc. [28]. The term "composite materials" are 
simply defined as given in Longman's dictionary as "something 
combining the typical or essential characteristics of individuals 
making up a group". To meet the demand of materials of improved 
performance, commercial polymers are always mixed together with 
various additives of monomeric and polymeric in nature. It is aimed 
that the additives will act synergistically with the polymer and will 
meet the combined requirements of a particular application. Thus, 
the composite materials have emerged as leading contenders for 
numerous applications in the automotive, aerospace and electronics 
industry [28]. 
With the advent of newer and newer technologies, the demand 
for material possessing a combination of a wide range of desirable 
properties is increasing day by day. One of the techniques to 
develop such materials is the formulation of composites from 
compatible materials individually possessing the desirable properties, 
in view of light weight, low cost, low temperature fabrication, and 
good strength as well as chemical and environmental stability. 
In most cases composites consist of a bulk material (the matrix) 
and a reinforcement of some kind. So, today's man-made 
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composites can be divided into four main groups depending on the 
matrix materials as [28]: (i) polymer matrix composites (PMC), (ii) 
metal matrix composites (MMC), (iii) ceramic matrix composites 
(CMC), (iv) carbon and graphite matrix composites [27]. 
1.3.1 Polymer matrix composites 
The word composite is used in the technical sense to describe a 
product that arises from the incorporation of some basic structural 
material in the form of particles, whiskers, fibers or a mesh into a 
second substance, the matrix. A polymer matrix composite may be 
defined as a combination of polymer matrix with one or more other 
materials to avail the advantage of desirable properties of each 
component [28]. Chemically, the matrices may be divided into two 
categories- (i) thermosettings and (ii) thermoplastics. Polymers make 
ideal matrix materials as they can be processed easily, possess 
lightweight and offer desirable mechanical properties. The matrix 
providing the continuous phase to the composite serve the following 
functions- (i) it provides a uniform distribution of the structural and 
environmental load to the reinforcing material through a good 
adhesion and strong interface with the reinforcement, (ii) it protects 
the surface of the composite against abrasion, wear-tear and 
corrosion, (iii) it absorbs the impact of load and minimizes stress 
concentrations by enhancing the fracture toughness and (iv) it resists 
high temperature and withstand repeated cycling of operations, 
especially under hygroscopic conditions and thus prevents micro 
cracking in composites. 
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1.3.2 Conducting polymeric composites 
Conductive composites consist of a thermoplastic or thermosetting 
polymer matrix with electrically conducting component. The 
concentration of the electrically conducting component in the 
composite must be above a critical value, called the percolation 
threshold, in order to conduct electricity. As the concentration of 
conducting particles increases, they become sufficiently closer 
together or even touching each other and at the critical concentration, 
they are finally sufficiently close together or even touching each other 
leading to the conduction of charge-carriers. This sequence of event 
is called percolation. The art of making a good conducting composite 
is to use the minimum quantity of conductive component to achieve 
the required degree of electrical performance. There are two main 
factors related to it- (i) quality of inter-particle contacts and (ii) shape 
and size of conductive particles [29, 30]. 
Conducting polymers can also be used to prepare conducting 
composites with insulating polymer matrices. The conducting 
polymer provides the electronic conduction and the non-conducting 
polymer matrix acts as a solid adhesive to keep the conducting 
polymer particles together and render mechanical strength without 
any contribution to the electrical conduction. 
1.4 Degradation and stabilization 
1.4.1 Polymer degradation 
Polymer undergoes chemical reactions just like any typical low 
molecular weight organic compounds, leading to the deterioration of 
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useful polymer properties. The degradation of polymer is 
characterized by uncontrolled change in molecular weight or 
constituents of polymer. The process of deterioration of the useful 
polymer properties involving chemical reactions is called as 
"degradation". There are many external causes of degradation of 
polymeric materials such as heat, light, mechanical stress, oxygen, 
ozone, moisture, atmospheric pollutants etc., along with the factors 
effective at the time of processing. Also the presence of reactive 
sites in the polymer (e.g. superoxides, defects, chemically reactive 
groups etc.) may degrade the polymer properties with or without 
combination of external factors. 
The pristine conjugated polymers have been reported to contain 
electronic spins leading to the inter- and intra- chain reactions 
between these reactive sites which can alter the chemical structure 
even when they are pure, affecting their dopability and hence their 
electroactivity. There are two intrinsic factors, which affect the 
degradation of conjugated polymers viz. reactivity of polymer 
backbone and the reactivity of dopant. 
The conjugated bonds, present in conducting polymers, undergo 
iT-TT* transition very easily, leading to formation of free radicals on 
exposure to sunlight. The high-energy UV radiations from sun cause 
C-C, C-N and C-0 hemolytic fission. Thus produced free radicals 
react with atmospheric oxygen leading to oxidation accompanied by 
depletion of chain length of the polymer. 
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Besides the above, various other agencies such as exposure to 
heat, chemicals, UV and other radiation nnay affect the polymer 
properties by changing the physical and chemical nature of the 
polymer. If the effect is undesirable, the term 'degradation' is 
commonly used which may involve addition, cross-linking, 
substitution, hydrolysis, chain scission etc. leading to a polymer of 
poor properties. The capability of a polymer to withstand chemical 
attack depends on its chemical constitution. 
Of late, conductive polymers are being used as electrode 
materials in electrical storage devices i.e. in non-rechargeable 
(primary) and rechargeable (secondary) batteries. Besides their high 
electrical conductivity, they also have high selectivity to electrode 
reactions, low catalytic activity towards side reactions, sufficient 
mechanical strength, fabricability, low cost etc. the electrode 
materials must also possess high stability towards degradation 
reactions during the passage of current or the storage. The 
degradation of electrode materials leads to instability in electrode 
potential with time that takes place due to diffusional processes 
occurnng at the electrodes and other side reactions such as cross-
linking, chemical reactions of dopant ions with polymer etc. For a 
commercial battery, a good shelf life (capability to retain its charged 
state) as well as ability to repeated charging and discharging many 
hundred times is the pre-qualification. 
It has been observed that electro-active polymers are distinct 
from traditional inorganic electrode materials as electrically 
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conducting polymers neither deteriorate nor re-deposit during 
charging and discharging processes and, hence, may be expected to 
give long life storage systems. The durability studies of polymeric 
electrodes may be done galvanostatically or potentiostatically to 
(evaluate their life in battery applications [31, 32]. 
The ability of a polymer to retain its useful properties is defined, 
as the stability and the preventive measures undertaken to inhibit the 
degradation processes, are collectively known as "polymer 
sjtabilization". To mention a few stabilizing methods (i) by 
incorporating antioxidants such as benzoquinone and hindered 
phenols or by using radical traps such as azo-bis-isobutyronitrile in 
the system, (ii) by ion implantation or by predoping the material with a 
strong electron acceptor prior to oxygen exposure, (iii) by encasing 
the polymer in a system with reduced oxygen and moisture 
permeability, (iv) by synthesizing new polymers with less 
susceptibility to degradation even at elevated temperature and (v) by 
forming composites of conducting polymers with environmentally 
stable polymers [32, 33]. 
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2. Review of literature 
2.1. Electrically conducting polymers 
Conducting polymers exhibit a wide range of novel electrochemical 
properties. The polymers have been recently used in many 
applications of which application in rechargeable battery electrodes 
[1, 2] is one of the most promising targets. Such applications have 
been pioneered by MacDiarmid and his co-workers with the discovery 
of doped polyacetylene followed by its application in electrochemical 
batteries [3]. Among the family of conducting polymers, polyaniline 
has been extensively studied to be used as electrode materials for 
batteries (primary as well as secondary) [4]. 
Polyacetylene, polyaniline, polythiophene and polypyrrole [3] 
are some of the polymers able to conduct electrons and ions. The 
higher conductivities are related to an oxidation state of the material 
[5]. These materials offer a unique combination of properties such as 
processibility and tailorable electrical conductivity that make them 
very attractive materials in the electronic area [6]. 
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2.2. Organic based conducting polymers 
The field of conducting polymers owes its growth to the strong 
interdisciplinary interactions between chemist, physicist and 
technologists in the development of an appropriate synthetic design. 
The intrinsic polymer hence selected should possess some 
characteristic features. Firstly, the selected polymer should have a 
valid theoretical reason for the anticipated conductive properties and 
an awareness of potential applications. During synthesis, the 
chemical and thermal stability as well as processibility (solution, melt, 
etc.) are also to be considered [7]. 
Organic based conductive polymer systems that include aromatic, 
heteroaromatic, olefinic systems and co-polymers, have been 
developed. Emphasis on the development of polymerization techniques 
which provide high molecular weight polymers employing free radical, 
anionic or cationic processes. Special focus should be placed on 
techniques, which will provide polymers with known chemical structures 
based on the chemistry employed to prepare them. Such techniques 
should provide materials of high chemical purity, devoid of catalyst 
residues and structural defects. 
Additionally, efforts should be directed toward the effects of 
dopants on improving the thermal stability, environmental stability and 
mechanical properties of conductive systems. Some electrically 
conducting polymers along with their general properties are reviewed 
and polyaniline is discussed in detail. 
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2.2.1. Polyacetylene (PA) 
</ 
n 
The definition of polyenes is that an even number of methyne 
(—CH—\ 
^ I groups are covalently bonded to form a linear carbon chain 
bearing one TT-electron on each carbon atom. Therefore, the 
chemical structure of the polyene is best represented by the formula, 
-(CH=CH)n-, where n denotes the number of repeating units. 
Recently, more common polyene is referred to as polyacetylene, 
because PA is generally synthesized from acetylene [8]. 
Polyacetylene was first synthesized in 1958 by Natta et al. [9] 
but it remained a material of less interest due to its poor 
environmental stability [1-3,5,10-13]. Polyacetylene was already 
known as a black powder when in 1974 it was prepared as a silvery 
film by Shirakawa and co-workers but despite its metallic 
appearance, it was not a conductor. 
In 1977, however, Shirakawa, MacDiarmid and Heeger 
discovered that oxidation with chlorine, bromine or iodine vapor made 
polyacetylene films 10^ times more conductive than they were 
originally [14]. Their electrical conductivity could be raised to several 
orders of magnitude through the charge transfer reactions as evident 
from Figure-7. Since two geometric isomers, trans and cis are 
possible for each double bond, two isomeric forms, all-trans and all-
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cis, are expected for the two extremes of polyacetylene isomers as 
shown in Figure-8 [8]. 
2.2.2. Polypyrrole (PPY) 
N tilt n 
Pyrrole, discovered by W. Runge in 1833 [15], is a very weak base 
and it loses its TT-electron sextet on protonation, and thus its 
aromaticity. The polypyrrole (PPY) was first prepared in 1888 [16] by 
chemical method and by electropolymerization in 1957 [17]. 
Polypyrrole in the form of polyanion could be produced as powder, 
coating of film and is intrinsically conductive as reviewed in detail 
[13]. Oxidation occurs at about one in every three nitrogen atoms, 
producing an unidentified counter-ion, supported by the work of 
Salanek et al. [18]. Samuelson and Druy [19] reported that the 
counter-ion plays an important role in the decay of electrical 
conductivity of PPY under ambient environment. Erlandsson et al. 
[20] reported the most detailed study of the stability of 
electrochemically prepared PPY containing BF4 . 
Salmon et al. [21] studied the thermal stability of electrically 
conductive polypyrrole doped with different counter-ions. It was 
observed that the materials with high conductivities decomposed 
irreversibly at around 150°C, whereas less conductive materials were 
found to be more stable towards heating. One of the best-known 
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Figure-7. Formation of radical cation ("polaron") by removal 
of one electron from the chain (a -^ b). The polaron migration 
shown in c —>^  e. 
Cis 
H H H H 
? ? ? ? 
1^1 H H H 
Trans 
Figure-8. Cis and trans isomers of polyacetylene 
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conducting materials is polypyrrole, which is an intrinsic semi-
conductor and becomes conductors when suitably doped [7]. 
2.2.3. Polythiophene (PTh) 
- ^ J n 
Polythiophene is one of the conducting polymers to have acquired 
great importance and increasing respectability among the entire class 
of conducting polymers. Thiophene is a five membered ring structure 
with one hetero atom (sulphur) and belongs to the family of 
heterocycles. Polythiophene, because of their relative ease of 
preparation electrochemically is employed in different technological 
applications such as in lightweight batteries, sensors, molecular 
electronic devices etc. [22]. 
The technique of electrochemical polymerization of thiophene 
involves the concept of an electrochemical cell, may it be a single 
compartment or a two-compartment cell. A polythiophene battery 
makes use of the electrochemically prepared film of (C4H2S)x on ITO 
glass dipped in 0.2M tetra-n-butyl ammonium fluoroborate (TBABF4)/ 
acetonitrile (MeCN) [23]. 
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2.2.4. Polyaniline (PANI) 
// VfjX 
2.2.4.1. History of Polyaniline 
It was for first in 1862, by H. Letheby that polyaniline was prepared by 
anodicaily oxidizing aniline in sulfuric acid [24]. 'Aniline black' as it 
was called, its structure was not described until the turn of the 20th 
century. It was noted that polyaniline had different forms, which had 
different colors. It was in 1968 that M. Jozefowicz discovered that the 
conductivity of the polymer increased by several orders of magnitude 
as the pH of the dopant acid decreased [24]. From then onwards, 
polyaniline has been studied intensively, as it is one of the most 
versatile polymer along the conducting polymers known. It is stable 
at 80°C, can be prepared by chemical or electrochemical oxidation, 
as a film or powder. To understand the chemical nature of 
polyaniline, it is necessary to correlate both the color and the 
conductivity v»/ith structure along with the conditions of preparations. 
The description of understanding of the chemistry of polyaniline has 
been attempted to be reviewed in here. 
2.2.4.2. Synthesis of Polyaniline 
The synthesis of polyaniline is remarkably simple. The aniline is 
chemically or electrochemically oxidized under acidic conditions while 
aniline exists as an anilinium cation in the reaction mixture. A variety 
of inorganic and organic acids of different concentration have been 
used in the syntheses of PANI. The resulting PANI, protonated with 
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various acids, differs in solubility, conductivity and stability [25]. 
Polyaniline occupies a high place due to its ease of preparation, 
environmental stability and also moderate range of electrical 
conductivity upon protonic acid doping. 
2.2.4.3. Structures and forms of Polyaniline 
Polyaniline (PANI) exists in a variety of forms that differ in chemical 
and physical properties. The conductivity of protonated emeraldine is 
of a semiconductor level of the order of 100 Scm'^  any orders of 
magnitude higher than that of common polymers (<10'^ Scm"^ ) but 
lower than that of typical metals (>10'^  Scm"^). Protonated PANI, 
(e.g., PANI hydrochloride) converts to a non-conducting blue 
emeraldine base when treated with ammonium hydroxide. The most 
important form of polyaniline, protonated emeraldine, is green and 
electrically conductive. It is produced directly by the oxidative 
polymerization of aniline, usually as the hydrochloride. If stronger 
oxidizing conditions are subsequently employed, it can be converted 
to protonated pernigraniline, which is blue and may be expected to be 
conducting, further treatment with alkali results in the pernigraniline 
base, violet and non-conducting form [26]. 
Polyaniline has four known states, three of them insulating, and 
one conducting (Figure-9). The different states of polyaniline range 
from fully reduced leucoemeraldine via protoemeraldine, emeraldine 
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Figure-9. The four states of polyaniline. 
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and nigraniline to fully oxidized pernigraniline [27]. The conductivity 
arises from the conjugated Tr-electrons distributed along the polymer 
backbone. They form valence and conduction band orbitals that 
extend over the entire molecule because of overlap of the ir-orbitals 
of one monomer unit with those of its neighbors [28]. 
2.2.4.4. Oxidation states of Polyaniline 
Polyaniline is a mixed oxidation state polymer composed of reduced 
benzenoid units and oxidized quinoid units (Figure-10 (a)). The 
average oxidation state can be varied progressively from completely 
reduced polymer (y=1) through, "half-oxidized" polymer (y=0.5), to 
completely oxidized polymer (y=0) (Figure-10 (b - d)). The terms 
"leucoemeraldine", "emeraldine", and "pernigraniline" refer to the 
different oxidation states of the polymer where y=1, 0.5, and 0, 
respectively, either in the base form, for example, emeraldine base, 
or in the protonated salt form, for example, emeraldine hydrochloride 
[30]. 
As can be seen from the generalized formula of polyaniline 
base, the polymer could, in principle, exist in a continuum of oxidation 
states ranging from the completely reduced material in the 
leucoemeraldine oxidation state, (y=1) to the completely oxidized 
material in the pernigraniline oxidation state, (y=0) as shown in 
Figure-11 [29]. 
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Figure-10. (a) Generalized composition of polyaniiine 
indicating the reduced and oxidized repeat units, (b) 
completely reduced polymer, (c) half-oxidized polymer and 
(d) fully oxidized polymer. 
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Figure-11. Oxidation and reduction in polyaniline. 
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2.2.4.5. Mechanism of conduction 
The fully reduced leucoemeraldine base (-(C24H2oN4)x-) form of PANI 
is an insulator. The other forms of PANI are determined by the 
fraction of imine (-N=) nitrogens per four-ring repeat unit. The half-
oxidized emeraldine base (-(C24Hi8N4)x-) form of PANI is also an 
insulator with a large band gap (Eg ~3.6 eV) similar to leuco-
emeraldine. In contrast to the leucoemeraldine base and emeraldine 
base, the fully oxidized pernigraniline base (-(C24Hi6N4)x-) form of 
Py\NI has been proposed to have a band gap of Eg =1.4 eV origin 
initiated due to the electron-phonon interaction [30]. The conducting 
emeraldine salt form of polyaniline is achieved upon protonation of 
the emeraldine base by exposure to protonic acids or upon oxidative 
doping of the leucoemeraldine base. 
Also, the electronic state of PANI can be changed through 
variation either in the number of electrons per repeat unit through 
electrochemical doping (while holding the number of protons 
constant), or by the addition (or subtraction) of protons associated 
with individual nitrogen sites (while holding the number of electrons 
on the polymer constant). The emeraldine base form of PANI can be 
converted from insulating (conductivity o ~10'^ °Scm"^ ) to the 'metallic' 
state (o~ 4x10^ Scm"^ ) [31]. 
2.2.4.6. Doping of Polyaniline 
Polyaniline holds a special position amongst conducting polymers as 
its most conducting form can be achieved by two completely different 
processes viz. protonic acid doping and oxidative doping. Protonic 
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acid doping of emeraldine base units with, for example, 1M aqueous 
HCI results in complete protonation of the imine nitrogen atoms to 
give the fully protonated emeraldine hydrochloride salt [30,32,33]. As 
shown in Figure-12, protonation is accompanied by a 9-10 orders of 
magnitude increase in conductivity reaching a maximum in, say, for 
instance, 1M aqueous HCI. The doped polymer can be obtained by 
chemical oxidation (p-doping) of leuco-emeraldine base [34]. This 
actually involves the oxidation of the O/TT system rather than just the 
p-system of the polymer as is usually the case in p-type doping [28]. 
[PANI(PAN)] + nHCI -> [PANI-H(PAN)r :[nC|-] (1) 
In the undoped state, these polymers are wide-band-gap 
semiconductors and are in the insulating form. However, the addition 
of charge transfer agents (dopants) can oxidize or reduce the 
polymer, dramatically changing the backbone geometry and 
electronic structure [28]. Doping introduces carriers into the 
electronic structure. Since every repeat unit has a potential redox 
site, conjugated polymers can be doped n-type (reduced form) or p-
type (oxidized form) to a high density of charge carriers [35]. The 
partially oxidized polymer backbone with associated counter-ions are 
deficient or have an excess of electrons on the chain producing 
defect states in the gap and possibly a metal like partially filled band 
and therefore high conductivity [36]. 
The quality of conductive polyaniline films has greatly been 
improved due to the applications of solution processing techniques 
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Figure-12. Electrical Conductivity of Electronic polymers [29] 
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leading to the reduction of disorder [37,38]. Menon et al. [39-42] 
have differentiated in the transport properties between polyaniline 
doped with camphorsulfonic acid from solution in m-cresol and 
polyaniline doped with conventional protonic acids [43-47]. The free 
standing films of polyaniline (emeraldine base) doped with dj-
camphorsulfonic acid were prepared using emeraldine base 
synthesized to provide polymers of different molecular weight [48]. 
Polyaniline of molecular weight ^~100,000 was prepared by a well-
known route [45,48, 49-51]. Palaniappan and Narayana [52] studied 
the thermal stabilities of chemically prepared RANI in different acid 
medium by isothermal heat treatment at 150°C, 200°C, 275°C and 
375°C in combination with ERR, electronic absorption and IR 
measurements. They observed a three-step degradation, loss of 
water followed by loss of acid and oxidative degradation of polymer 
backbone. 
2.3. Non-conducting polymers 
The non conducting polymers such as polyacrylonitrile (RAN), 
polyethyleneterephthalate (RET), cellulose acetate (CA), nylon-6 
(N6), nylon-6,6 (N66), and aramides (AR), are a few to mention which 
have been studied earlier [27]. A brief description of polyacrylonitrile 
is followed, as the material selected for further study was polyaniline: 
polyacrylonitrile based composites. 
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2.3.1. Polyacrylonitrile 
-fcH2-CH(CN)-
Acrylonitrile, CH2=CHCN was first synthesized in1893 by Mouren 
[63], who was also the first (one year later) to report the acrylonitrile 
polymer i.e. polyacrylonitrile (PAN). The first synthesis of acrylonitrile 
was based on the dehydration of ethylene cyanohydhn {1-
cyanoethanol) or acrylamide. Early industrial process for acrylonitrile 
production also used ethylene cyanohydhn as starting material, but 
since 1960 practically the entire acrylonitrile production has been 
based on catalytic ammonoxidation of propylene [54]. 
Polymehzation is usually carried out in aqueous solution in 
presence of redox initiator. The polymer precipitates from the system 
as fine powder. PAN softens only slightly below its decomposition 
temperature. PAN is soluble in DMSO, THF, DMF, acetone etc. It is 
heat resistant up to 220°C and exhibits good mechanical properties. It 
is available as films, sheets and rods [55-57]. 
Polyacrylonitrile (PAN) is one of the most important fiber-
forming polymers and has been widely used because of its high 
strength, high abrasion resistance and good insect resistance. 
However, PAN based conducting blends has not been well explored, 
and it is expected to be a competitive system for making conductive 
fiber [58]. 
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2.4. Polyaniline based Composites 
A number of attempts have been made to prepare composites with 
improved processibility and mechanical properties while maintaining 
the inherent properties of the conducting polymer. Polyaniline-
poly(ethyleneterephthalate) [59] and polyaniline-polystyrene [60] 
composites were both prepared by the chemical approach in situ 
polymerization of monomer in the presence of a host polymeric 
matrix. Polyaniline composites have also been prepared via 
dispersion polymerization [61-63] 
Composites of polyaniline with polystyrene [64], poly(methyl-
methacrylate) [65] and poly ( p-phenylene-diphenylethertere-
phthalamide) [66] have all been prepared using a compatible solvent 
such as concentrated sulphuric acid solution [67]. From last few 
years, special attention has developed for the use of conducting 
polymeric composites as a fabricating material of sensors [68]. The 
sensor from these conducting polymeric composites can be made in 
different way, they may be in thin film microelectrodes, hybrid with 
silicon junctions, flexible configurations and thick films and each of 
these have certain criteria for choosing the geometry, electrode 
material etc. Extensive studies on the gas sensing properties of 
conducting polyaniline composites for various oxidizing and reducing 
gases with detailed mechanism has been reported [69]. Y.-C. Luo et 
al. [70] fabricated NH4* sensor based on polyaniline (PANI) 
conducting polymers doped with poly(styrenesulfonate-co-maleic 
acid), sodium form (PSSMA" Na^). The highly porous structure of 
PSSMA in composite films had high sensitivity for N H / ions. 
47 
H. Xue et al. [71] reported the preparation of the novel PANl-
PIP composite films, the fabrication and the performance of glucose 
biosensor based on them. Polyaniline-polyisoprene (PANI-PIP) 
composite films were synthesized electrochemically for the first time 
and were used successfully to immobilize glucose oxidase (GOD) 
forming glucose biosensor. The biosensor has high permselectivity, 
which can determine H2O2 in the presence of electroactive 
interferent- ascorbic acid. 
A.P. Lima Pacheco et al. [72] presented a straightforward 
method to synthesize polyaniline-polyacrylic acid (PAA) composites 
on a large scale on any surface with any shape. The conducting 
polymer composites are very stable and have a high adherence to 
the surface. The analysis of the interaction of ionizing radiation with 
the polymer surface revealed that these polymeric composites 
demonstrate a high potential for use in gamma radiation dosimetry for 
low- and high-dose applications. 
A series of polyaniline-polyvinylalcohol dispersions with 
different polyaniline contents were prepared by A. Mirmohseni et al. 
[67]. Films prepared from these dispersions have excellent 
mechanical properties. They are flexible (as verified by modulus 
values) and can be stretched up to 190%. A tensile strength value as 
high as of 40 Mpa was obtained. The electrical conductivity of the 
composites was improved with increasing amount of polyaniline and 
reached a high value of 2.5 Scm"\ Cyclic voltammograms revealed 
that the composite materials are electroactive. 
48 
H. Devendrappa et al. [73] suggested that the electrical 
conductivity and electrochemical cell parameters obtained for 
polyethyleneoxide (PEO) complexed with conducting polyaniline 
(PAN!) and PEO:PANI:X (X = AgNOa and NaNOa) composites had 
different weight ratios. The complexation is confirmed by XRD and 
infrared spectral studies. The phase change is observed in the X-ray 
diffraction pattern with increase of PAN! in PEO. From infrared 
spectra, it is seen that there are significant changes in the intensities 
as well as the frequencies in the various PEO.PANI and PEO.PANI.X 
(X = AgNOa and NaNOa) composites. The temperature dependence 
of the conductivity increases with increase in the PAN! content in 
PEO due to a strong hopping mechanism between conducting PANI 
and PEO. The open-circuit voltage (OCV) is 6.13V and short-circuit 
current (SCO) is 912MA for a cell with a PEO:PANI (50:50) 
composite. Thus, PEOPANI and PEO:PANI:X (X = AgNOa and 
NaNOa) composites are possible candidates for solid-state batteries. 
M.M. Castillo-Ortega et al. [74] developed chemical sensor for 
H2O2, NH3, serum uric acid and serum urea based on electroactive 
PANI composites. Thus prepared homogenous films have good 
mechanical and electrical properties and are easy to prepare. The 
electrical resistance changes can be measured with simple and 
inexpensive equipment. These characteristics make them promising 
materials in sensor fabrication with ambulatory use. 
Al-Ahmed et al. [75] have successfully prepared the conducting 
composite in the form of films by using polyaniline, an electrically 
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conducting polymer within an insulating polymer matrix of cellulose 
acetate. The insulating polymer used in this study has good film-
forming properties along with several other individual merits. The 
electrical properties of the composites were observed to be of good 
quality as almost all the composites showed an increase in their 
electrical conductivity from insulator to semiconductor region after 
doping with hydrochloric acid. All the composite materials were 
successfully characterized for their electrical properties and by using 
FTIR, SEM, and TGA and it was found that the materials are of good 
standard and of uniform morphology. Thermo-oxidative as well as 
stability in terms of retention of DC electrical conductivity was also 
observed to be fairly good, as studied by several experimental 
techniques and most of the formulations of the composites so 
prepared are found to be suitable for use in electrical and electronic 
applications below 100°C after annealing. 
Park et al. [76] prepared polyaniline-polyacrylonitrile composite 
by electrochemically polymerizing aniline on the acrylonitrile coated 
platinum electrode and they compared the properties of the 
composite with that of polyaniline. 
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2.5. Electrochemistry of Polyaniline Composites 
"Conductive polymers may become crucial for the building of a 
molecular electronics world." Research activities on polyaniline 
composites involve experimental electrochemical studies, which are 
explored to gain understanding of fundamentals related to several 
areas of applications, such as batteries, conducting polymers, 
electrochemical capacitors, sensors, electrocatalysis of oxidation of 
small organic molecules, fuel cells, electrochemical reduction of 
carbon dioxide, etc. In the area of batteries, various studies related 
to rechargeable lithium and magnesium batteries have been 
conducted in recent years. Preparation of positive electrode active 
materials and their electrochemical evaluation for battery application 
have been studied [77]. The basic concept is to relate the chemical 
and electrochemical doping of an organic polymer to their 
applications as electroactive materials in rechargeable batteries. 
2.5.1. Historical Background 
Materials that undergo electrochemical oxidation or reduction are 
electroactive materials that provide the basis for the storage of 
electrical energy in non-rechargeable (primary) or rechargeable 
(secondary) batteries. Until 1979, no attention was given to organic 
polymers for their any possible use as electrode-active materials in 
rechargeable batteries. This was because it was taken for granted 
that only metals or metal oxides could be the possible electrode 
materials in rechargeable batteries. 
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It was only with the discovery of polyacetylene and its ability to 
be doped chemically to the metallic regime that led to further study, 
which accomplished that p-type, and n-type doping could be done 
electrochemically and was reversible. Since 1979, other conducting 
polymers such as poly (p-phenylene), polypyrrole, polythiophene, 
polyaniline etc have been discovered and proved to be the potential 
electrode active materials for rechargeable batteries. 
The possible applications of these polymers in the energy 
storage devices are still a new field of endeavor that has triggered 
much interest industrially and academically [78]. 
Earlier electrochemical studies on polyaniline was related to the 
kinetics of electrodeposition on non-platinum metals, electrocatalysis 
of some reversible as well as irreversible reactions, potentiometric 
sensors and electrochemical redox supercapacitors etc. yielding 
interesting results. For the purpose of electrochemical synthesis of 
polyaniline, generally inert electrodes such as Pt, Au and carbon are 
used. The selection of electrode materials was based on the 
requirement that they should be stable in corrosive acidic electrolytes 
and undergo anodic polymerization. The electrodeposition of the 
polymer on a non-platinum metal is likely to be affected by corrosion 
of the metal. Furthermore, the electrode itself can undergo oxidation 
during polymerization of aniline, which requires a high positive 
potential. Despite of these problems, electropolymerization on 
inexpensive non-platinum metal substrates is more interesting than 
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on expensive platinum metal electrodes in view of various 
applications [77]. 
Although chemical doping is an efficient and straightforward 
process, it is typically difficult to control. However, attempts to obtain 
intermediate doping levels were required and so electrochemical 
doping was invented to solve this problem. In electrochemical 
doping, the electrode supplies the redox charge to the conducting 
polymer, while ions diffuse into (or out of) the polymer structure from 
the nearby electrolyte to compensate the electronic charge. The 
doping level is determined by the voltage between the conducting 
polymer and the counter electrode; at electrochemical equilibrium the 
doping level is precisely defined by that voltage [35]. 
The characteristics of electrochemically produced PANI as an 
active material of the secondary battery (aqueous) were reported by 
Kitani et al. [79]. Trimidad and co-workers [80] reported studies on a 
Zn/ ZnCl2, NH4CI/ PANI-carbon battery, the positive electrode 
comprised a PANI layer deposited on a porous carbon rod. The 
battery had a very good coulombic efficiency (70-100%), a low self-
discharge rate and good cyclability. 
In a similar study, Shaolin et al. [81] studied a Zn/PANI cell. The 
battery consists of a mixture of chemically prepared PANI powder 
and acetylene black. The battery had a capacity of 100 mAhg'^ and a 
very high coulombic efficiency. 
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Mirmohseni and co-worker in his paper reported the performance 
of aqueous PAN! battery based on a composite material. PAN! was 
deposited on reticulated vitreous carbon (RVC) electrode. The 
battery configuration was as: Zn/ZnCb, NH4CI/PANI-RVC. One of the 
advantages of electrodeposition of PAN I on RVC was high porosity of 
the electrode that allowed large amount of polymer deposition on 
electrode surface. Consequently, the battery capacity is expected to 
increase [4]. The majority of the previously reported rechargeable 
batteries which used polyaniline as the positive electrode (cathode) 
were typically wet batteries in which hydrochloric acid was used as a 
dopant acid and the corresponding electrolyte contained ZnCb and 
NH4CI at pH of 4 or higher [80, 82-85]. To the best of our knowledge, 
there have been no studies on the use of perchlorate as a dopant and 
electrolyte in polyaniline batteries, although perchloric acid has been 
used for aniline polymerization [86-88]. 
M.S. Rahmanifar et al. [89] reported the factors that affect the 
cycle-life of a Zn-PANI secondary battery by means of electro-
chemical and surface-analysis techniques. It appears that the 
kinetics of Zn passivation is faster than that of PANI electrochemical 
degradation. Consequently, Zn passivation is the main determinant 
of the cycle-life of Zn-PANI secondary batteries. 
V. Barsukov [90] investigated the applications of conducting 
polymers in the field of electrochemical energy sources. The 
potential advantages and disadvantages of conducting polymers in 
comparison with other battery active materials were discussed. One 
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of the main disadvantages for tiie application of conducting polymers 
as the active materials for primary and rechargeable batteries was 
their non-horizontal galvanostatic discharge curves. At the same 
time, this disadvantage becomes huge advantage, when we think 
about the application of conducting polymers in super-capacitors. 
Any capacitors have galvanostatic charge/discharge curves with a 
sharp expressed declination. 
2.5.2. Electrochemical Cell 
The electrochemical processes of the secondary battery involve the 
conversion of chemical energy into electrical energy and vice-versa. 
And this conversion of reversibility of the doping process led to the 
realization of using them in secondary batteries. Both doping and 
undoping processes, involving dopant counter-ions which stabilize 
the doped state, may be carried out either chemically or 
electrochemically [91]. 
Chemical doping is difficult to control yet it is straight forward 
and an efficient process and hence, electrochemical doping was 
invented to solve this problem. Complete doping to the highest 
concentration yields high quality materials. However, attempts to 
obtain intermediate doping levels often result in inhomogeneous 
doping. Thus to obtain conductivity between the non-doped 
(insulating or semiconducting) and the fully doped (highly conducting) 
form of the polymer can be easily controlled by adjusting the doping 
level electrochemically. Conducting blends of a (doped) conducting 
polymer with a conventional polymer (insulator), whose conductivity 
55 f' ••"hi~2^H'\^'. 
can be adjusted by varying the relative proportions of each polymer, 
can be made [92]. Dramatic changes in the electronic, electrical, 
magnetic, optical, and structural properties of the polymer occur by 
controlled addition of small (<10%) nonstoichiometric quantities of 
chemical species (dopants). Doping is reversible to produce the 
original polymer with little or no degradation of the polymer backbone. 
Transitory doping by methods that introduce no dopant ions is also 
known [93]. 
2.5.2.1. Doping in an electrochemical cell 
In electrochemical doping, the electrode supplies the redox charge to 
the conducting polymer, while ions diffuse into (or out of) the polymer 
structure from the nearby electrolyte to compensate the electronic 
charge. The doping level is determined by the voltage between the 
conducting polymer and the counter electrode; at electrochemical 
equilibrium the doping level is precisely defined by that voltage. 
Thus, doping at any level can be achieved by setting the 
electrochemical cell at a fixed applied voltage and simply waiting as 
long as necessary for the system to come to equilibrium (as indicated 
by the current through the cell going to zero) [35]. 
It is not the counter ions, CIO4- or Li^ , but the charges on the 
polymer that are the mobile charge carriers. By applying an electric 
field perpendicular to the film, the counter ions can be made to diffuse 
from or into the structure, causing the doping reaction to proceed 
backwards or forwards, in this way the conductivity can be switched 
off or on. 
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If one imagines that an electron be removed locally from one 
carbon atom, a radical cation (polaron) would be obtained. The 
mobility of a polaron along the polymer chain can be high and charge 
is carried along as shown in Figure-11. However, since the counter-
ion (CIO4') to the positive charge is not very mobile, a high 
concentration of counter-ions is required so that the polaron can 
move in the field of close counter-ions. This explains why doping is 
necessary for electrical conduction [14]. 
p-doping can be accomplished by electrochemical anodic 
oxidation by immersing the polymer film in, a solution of LiCI04 
dissolved in propylene carbonate and attaching it to the positive 
terminal of a dc power source, the negative terminal being attached 
to a counter electrode also immersed in the solution [94], viz., 
(TT-polymer)x + (xy) CIO4" -> [(TT -polymer)^ ^ (CIO4- )y]x (2) 
n-doping can also be carried out similarly by electrochemical cathodic 
reduction [95] by immersing the polymer film in a solution of LiCI04, 
dissolved in tetrahydrofuran, and attaching it to the negative terminal 
of a dc power source, the positive terminal being attached to an 
electrode also immersed in the solution, viz., 
(TT -polymer)x + (xy) Li" + (xy) e" ^ [Liy ^( TT -polymer)"y]x (3) 
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2.5.3. Polyaniline as Cathode-active Material 
Electrodes using polymers as electrode active materials differ from 
conventional battery materials, in that the polymer does not dissolve 
or re-deposited during charge/discharge cycles, although some 
swelling of the polymer does occur during this process. This absence 
of dissolution and redeposition is expected to promote longer life for 
polymer electrodes due to the absence of relatively large mechanical 
changes in electrode dimensions etc. such as those observed with 
many conventional electrodes. Also, in most batteries, complete 
deep discharge leads to rapid deterioration. Hence, only partial 
utilization of the energy density of a battery can be achieved if it can 
only be partly discharged in order to prolong its effective operating 
life. The energy density of a polymer electrode can, however, in 
many cases, be completely utilized in repeated deep discharges at 
good discharge rates without adverse effects [96]. 
Detailed electrochemical studies of doped polyacetylene have 
been carried out, many of them in a battery mode of charging and 
discharging, in order to evaluate the polymer in its various forms as 
potential anode-active or cathode-active materials in novel 
rechargeable batteries. Very preliminary studies were also performed 
on the study of fundamental properties of polyaniline with a view to its 
possible use as an electrode-active material. 
A. G. MacDiarmid [96] showed that (CH)x could be reversibly p-
doped (oxidized) electrochemicaliy in the form of thin films. The 
doping and undoping was followed by a continuous monitoring in the 
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visible near-ir absorption spectrum of the polymer. It was also shown 
that the rate of electrochemical oxidation, (followed by reduction) 
back to neutral (CH)x far exceeded the rate-controlling diffusion 
process of the dopant anions within the polymer. A theory was then 
developed which showed how high power and current densities could 
be generated by a (CH)x battery cell (as found experimentally) 
despite the slow diffusion and low conductivity characteristics of ionic 
motion in polyacetylene. 
Preliminary studies [78] were also performed on the use of the 
emeraldine form of polyaniline as an electrode-active material in 
rechargeable cells employing a zinc anode and a polyaniline cathode 
in an aqueous electrolyte. The cell showed many desirable features 
such as excellent recyclability, coulombic efficiency and retention of 
charge. The Li/polyaniline cell using a propylene carbonate/LiCI04 
electrolyte was suggested to be the best rechargeable battery 
involving a conducting polymer as an electrode-active material. 
Studies were conducted on the use of the emeraldine base form of 
polyaniline, (I), as a cathode material in an aqueous ZnCb/HCi 
solution (pH~4) together with an amalgamated zinc anode. The 
proposed discharge reactions are: 
xZn-> xZn^"' + 2x(e-) (4) 
at anode, and 
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N- + (2x)H%(2x)e' 
H 
r 
H 
(5) 
at the cathode, giving the over all discharge reaction: 
+ xZn + (2x)HCI 
N— + xZnCl2 (6) 
Both the polyaniline and the zinc can be electrochemicaiiy oxidized 
and reduced repeatedly in the pH range between ~2 and ~4 with 
coulonnbic efficiency of almost 100%. The utilization of the capacity 
of the polyaniline based on the discharge reaction given by equations 
(2) and (3) is 100%. 
Detailed electrochemical studies of polyaniline have been carried 
out in non-aqueous electrolytes and its use as a cathode in a UCIO^I 
propylene carbonate electrolyte with a Li anode has been described. 
More recent studies have shown that the emeraldine base form of 
polyaniline acts as a most promising cathode in a LiCI04/ propylene 
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carbonate electrolyte showing very good recyclability and essentially 
100%, based on the discharge reaction: 
i 
-W^= 
'=H\- +(2x)Li 
+ (2x)LiC104 
(7) 
2.5.4. Diffusion in Conducting Polymers 
It has been observed that when some oxidant or reductant species 
are incorporated, conjugated polymeric materials show enhanced 
electrical conductivity [2,97]. 
Mirebeau [98] produced conouctive PPy-BF4 films on stainless 
steel electrodes in an electrochemical cell containing propylene 
carbonate and lithium perchlorate. He measured the diffusion 
coefficient of CIO4" in as prepared PPy- CIO4 for undoping and 
doping by a potentiostatic method in the temperature range of 240 to 
340K. A diffusion coefficient of 5x10"''^cmV^ was estimated at 298K. 
Gennies et al [99] showed that the apparent diffusion coefficient in 
and out of PPy-CI04 is a function of salt (LiCI04) concentration in the 
electrolyte. The electrochemical oxidation and reduction follow the 
Nernstian relation and a value of 6x10"''° cm V has been reported for 
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apparent diffusion coefficient at 298K in a 0.5M LiCIOVacetonitnle 
solution. The reported values for the diffusion coefficients for small 
dopants vary from 10"^  to 10"^ ^ cm s^'"* into Shirakawa polyacetylene 
[100,101], which possesses highly crystalline and fibriller structure of 
very high surface area [102]. However, for "Durham" polyacetylene, 
which gives very dense and amorphous films, the diffusion 
coefficients range from 10'""^  to 10'''^  cmV^ for Li^ Na^ CIO4", 
BF4-,l2andAsF5[103]. 
K. Kanamura el al. [104] studied the diffusion behavior of ions in 
polyaniline by in situ electrochemical UV-visible spectroscopy. 
According to this study it has been reported that the UV-visible 
spectrum is related to the band structure of polyaniline and that the 
radical cations are formed by the oxidation of polyaniline. Also the 
diffusion coefficients of ions in the polyaniline solid matrix immersed 
in an acidic aqueous electrolyte have been estimated. 
2.5.4.1. Diffusion in PolyanJiine 
A fundamentally interesting property of PANI is related to its 
conductor-insulator transitions. The conductivity of PANI is "switched 
on" at the initial stage of doping and is "switched off' at a high level of 
electrochemical doping. This three-state switching is a specific 
feature of PANI and is in contrast with the usual two-state switching 
of polypyrrole, polythiophene and other conducting polymers [83,106-
107]. 
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The mass transport of ions in polyaniline is related to the 
relaxation during the doping and undoping of ions into/from the 
polyaniline solid matrix. Moreover it is widely believed that the 
diffusion process of ions in a polyaniline solid matrix is not sufficiently 
fast to be considered instantaneous, and a uniform distribution of ions 
in polyaniline some degree of relaxation time. Since the physical 
property of polyaniline depends on the doping level of ions, the 
physical property of polyaniline also depends on the doping or 
undoping rate. When the doping and undoping of ions is repeated at 
a high rate, the time transient of the physical properties of polyaniline 
may behave irreversibly. This hysteresis in the physical property has 
been reported previously [108-111], in ion concentration during the 
electrochemical doping and undoping cycles. It is possible that this 
behavior of polyaniline may be connected to the diffusion process of 
ions; however, a clear relation is difficult to obtain, as the diffusion 
coefficient is controlled by the crystal structure of polyaniline, which in 
turn depends on the preparation conditions. This agrees with 
diffusion coefficient studies of ions in polyaniline investigated using 
aqueous and nonaqueous electrolytes, which suggests that the 
diffusion coefficient of ions depends on the preparation conditions or 
the doping level of polyaniline [112-115]. Because of this, the 
diffusion behavior of ions in aqueous electrolytes has been discussed 
by some researchers, [112,113] but agreement as to the nature of 
the diffusing substance in polyaniline immersed in aqueous 
electrolytes has not yet been obtained, mainly because both the 
anion and proton are related in the electrochemical reaction of 
polyaniline under aqueous media. 
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The electrochemical behavior of polyaniline in various aqueous 
electrolytes under different pH's has extensively been reviewed [116-
118]. It has been proposed that the pH dependence of the 
electrochemical behavior of polyaniline is due to the doping and 
undoping of protons [104]. The electrical conductivity of PAN I 
increases drastically by some orders of magnitude at the limits of the 
corresponding potential range. However, the conductivity of the solid 
phase is high and practically constant in the interval between these 
switching regions, whose potentials are strongly dependent on 
electrolyte pH. This conducting phase is usually associated with one 
of numerous forms of existence of PANI-emeraldine salt. It is this 
protonated conducting form of RANI that will be considered by us 
herein after since in the analysis of the current producing process on 
the electrode [119]. 
The rate of electrochemical oxidation, (followed by reduction) 
back to neutral far exceeded the rate-controlling diffusion process of 
the dopant anions within the polymer. A theory was then developed 
which showed how high power and current densities could be 
generated by a battery cell despite the slow diffusion and low 
conductivity characteristics of ionic motion. The presence of load 
causes current to flow and generates a large electric field within 
polymer backbone [96]. In an electrochemical cell, the electrode 
supplies the redox charge to the conducting polymer, while ions 
diffuse into (or out of) the polymer structure from the nearby 
electrolyte to compensate the electronic charge. The voltage 
between the conducting polymer and the counter electrode 
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determines the doping level. Thus, dopant ion concentration can be 
determined at any level by setting the electrochemical cell at a fixed 
applied voltage and simply waiting as long as necessary for the 
system to come to equilibrium (as indicated by the current through 
the cell going to zero). 
2.5.4.2. Estimation of Dopant Ion Concentration 
It is essential to know the extent of dopant present in the polymer, for 
the estimation of the diffusion coefficient. Undoped film in an 
electrochemical cell containing appropriate electrolyte solution by 
applying a limiting current of few-microamperes at 50°C, some before 
and some after diffusion measurements, to establish that there is no 
loss of dopant by any other reaction such as moisture compensation 
during data acquisition. The voltage against an aluminum electrode 
was recorded at regular interval by digital multimeter and data 
tabulated [120]. 
The data were analyzed for dopant concentration as shown 
below: 
Mol. Ratio, y = — ^ (8) 
' FW ^ ' 
Dopant concentration, C = 7 — r mol cm"^  (9) 
(Mr.+yMd) ^^ 
where C is the dopant concentration in polymer (mol cm"^ ), y is the 
mol ratio (number of mol of dopant present per monomer unit), I is the 
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strength of the current passed (A), t is the time taking undoping (s), 
Mm is the formula weight of monomer residue, F is the Faraday's 
constant (96487 C moP )^, W is the weight of polymer (g), d is the 
density of the polymer (g/cc) and Md is the formula weight of dopant 
ion. 
2.5.4.3. Estimation of Diffusion Coefficient 
The various techniques available for ionic diffusion measurement 
have been discussed briefly with the merits and demerits of their use 
for different types of materials by Foot [2,97]. The galvanostatic 
pulse technique has been used very successfully to estimate Li^ ion 
diffusion in TiSz by Winn et al [102] and in NiPSa, FePSa and FePSea 
single crystals by Foot [2,97]. 
In this method a constant current pulse is passed through the 
equilibrated electrode material. This causes a change in the 
electrode potential against a standard electrode due to deposition of 
a quantity of ions equivalent to IP/F on the electrode surface. An 
amount of 10'^ ° to 10'^  mol. of dopant (depending upon strength of 
pulse) was deposited on the polymer electrode as the diffusion 
equation would be valid only for small changes in electrode potential 
i.e. small change in y value. Clean aluminum sheet was used as the 
potential of aluminum "quasi-standard" electrode may be assumed 
constant during the experiment as equilibration does not take too 
long. As the deposited ions diffuse into the electrode material, the 
surface concentration changes and the electrode potential recovers. 
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A plot, of recovery voltage, Et against t"^ '^  should follow a straight line, 
if the diffusion behavior is governed by Pick's law. 
"As a convention, if the polymer electrode was kept positive, the 
process would be called 'doping' and the direction of pulse was 
reversed in 'undopinq'". The following expression was used for the 
estimation of the diffusion coefficient for the ions into and out of the 
electrode material [120]. 
exp V 
-Eo)F 
RT i 
(1-
ip 
-y)FAC„VitDt 
-1/2 
D7l = 
^ IPRT ^ 
(l-y)^F2AC„S 
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(10) 
Plot of (Et - Eo) versus t follows a straight line of slope S, 
IPRT 
S = 'L221 versus t"^ (11) 
( l-yfF'AC.VTcD 
from which. 
(12) 
D . ^ P ! ^ ! I L cm ^s-' (13) 
( l -y^F^A^C.^S^^E 
where I is the current strength of the impulse (A), P is the duration of 
the impulse (s), R is the universal gas constant (8.314 Jmol'^ K"^), T is 
experimental temperature (K), F is Faradays constant (96487 CmoP 
^), A is the area of polymer coated electrode (cm )^, Co is dopant 
concentration in polymer film (mol cm'^ ), (1-y is the correction factor) 
and Eo is the original equilibrium potential of the electrode. 
This method is preferred because during data acquisition, the 
current does not pass through the electrode material. A polymer film 
electrode has two aluminium electrodes (one as counter and the 
other as reference electrode) were assembled in an electrochemical 
cell appropriate salt and solvent. The polymer samples were doped 
by passing current in the reverse direction and there after redoped to 
desired concentration. The system took about 20-30 minutes to 
attain a stable voltage at room temperature. Similar procedure was 
used to prepare polymer film electrodes at different levels of doping. 
For each ionic concentration, the effective ion diffusion coefficient 
was estimated from the recovery of the electrode potential against the 
Al reference electrode (assumed to remain at a constant potential for 
the duration of the experiment) after the passage of a short pulse of 
current from a battery with a large variable resistance in series. In all 
cases, a limiting current pulse of 5 s was applied to produce a voltage 
perturbation of few millivolts. 
2.5.5. Pick's Law 
Generally diffusion occurs by local activated jump of a diffusant to 
neighboring unoccupied hole in the polymer matrix. Similarly in most 
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molecular solids diffusion occurs via point defects, i.e., empty sites in 
the lattice. In both the cases, it can be represented by Pick's first law 
of diffusion. 
Jn = -D IdxJ (14) 
vi/here JD is the diffusive flux (number of diffusant particles crossing a 
plane perpendicular to the direction of motion, per unit area per unit 
time) and c is the concentration of the diffusant in a distance, x, after 
time t. D is the effective diffusion coefficient of the diffusing species in 
the solid. From this, we can deduce the second law of diffusion, 
which can be written for one-dimensional system as-
,d t , 
d^ c 
dx^ (15) 
and for three dimensional systems as-
^dc^ 
V d t y 
= D 
dx^ + + dZ^ (16) 
The mathematical solutions for these differential equations for 
different boundary conditions have been given by Crank [121]. 
Materials, wliich obey these mathematical equations for their 
diffusional behaviors, are said to follow Fickian diffusion [120]. 
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2.5.6. Factors affecting Diffusion 
Different factors affecting diffusion are temperature, polymer 
morphology, the diffusant size and concentration, diffusant solubility 
in the polymer, electrostatic interactions and impurities [120]. 
2.5.6.1. Effect of Temperature 
In a real three dimensional isotropic systems, the expression for the 
diffusion coefficient is given by the equation-
D == gvna^ exp -^^ /^ "^ ) ^^^^ 
Where v is the frequency of vibration of the diffusing species, a is the 
jump distance (i.e. average distance between two neighboring holes), 
n is the number of detects or holes, g is the geometric factor, H is the 
potential barrier to be surmounted by the diffusant, k is the Boltzmann 
constant and T is the temperature. If g, v, n and a are constants, the 
equation (17) is the modified form of the Arrhenius equation 
expressing the relation between diffusion coefficient and temperature 
[122]. The diffusion coefficient very often follows an Arrhenius type 
of relation similar to that given in equation (17). 
Thus, it must be made clear that with an increase of 
temperature, H, a and v will change slightly, affecting the diffusion 
coefficient. These changes are small compared to the exponential 
change in D but can cause a slight curvature in the plot [120]. 
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2.5.6.2, Effect of Polymer Morphology 
Ionic motion in a conducting polymer is influenced by any factor 
affecting the number, size and distribution of pre-existing holes and 
the ease of hole formation. The potential energy barrier for the 
diffusant is expected to be low if the neighboring polymer segments 
can very easily rearranges themselves to let the diffusant molecules 
pass through. Hence, it can be assumed that the factors causing 
obstruction to segmental mobility would decrease the transport of 
diffusant in the polymer and would increase the activation energy 
[120.123, 124]. 
2.5.6.3. Effect of the Diffusant Size and Concentration 
Generaily, diffusants smaller than the size of the monomer unit of the 
polymer, diffuse faster than organic liquids or vapors and their 
activation energy and coefficient of diffusion are independent of 
concentration of the diffusant present in the polymer [125,126]. In 
this case, the size of the diffusant molecule is smaller than the 
average hole size in the polymer matrix and diffusion takes place by 
simple activated jumps from one hole to another unoccupied hole. 
On the other hand, the diffusion of larger diffusant molecule is often 
concentration dependent, requiring much greater number of polymer 
segments to rearrange by micro-Brownian motion as the hole of 
appropriate size are few in number [123,124,127]. Thus with 
increasing diffusant size, diffusion coefficient decreases with 
increasing activation energy, which can consistently be explained by 
the hole concept. In case of a typical insulating polymer matrix, the 
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decrease in activation energy results in the increase of the diffusion 
coefficient with increase in the diffusant concentration [120]. 
2.5.6.4. Effect of Diffusant Solubility in the Polymer 
The solubility of diffusant in the host material, may have definite effect 
on diffusion properties. Thus the rate of diffusion is slowed down by 
the factors enhancing solubility and opposite is true for many 
diffusant systems and for semi-conductors [120,121,128]. 
2.5.6.5. Effect of Electrostatic Interactions 
The doped states of the conducting polymers is assumed to be as a 
solid electrolytic solution in which the conducting polymer chains 
carry positive charge and dopant ions carry negative charges (p-type 
doped) or vice-versa (n-type doped). The increase in the dopant ion 
concentration must intensify the ion-ion, chain-chain and chain-ion 
electrical interactions. The charge density on the dopant ion must 
diminish as the size increases. The better stabilization of the dopant 
ions in the charged polymer matrix and the severe repulsive force 
between the charged dopant ions preventing their free movement, 
may lead to higher activation energy and lower coefficient of diffusion 
[120]. 
However, repulsive electrostatic interaction between charged 
polymer chains would try to keep the chains apart from each other 
may lead to a lower activation energy and higher coefficient of 
diffusion [120]. 
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2.5.6.6. Effect of impurities 
The presence of impurities can influence diffusional properties to a 
great extent in a number of ways. In semi-conductors impurities 
produce local distortions in the crystal lattice, but however, with ionic 
impurities, electrostatic interactions have to be considered. In 
general, uniformly distributed donor impurities tend to reduce the 
diffusion rate of acceptors and increase that of donors whereas 
reverse is true for donor impurities [120,128]. 
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EXPERIMENTAL 
CHAPTER-3 
3. Experimental 
3.1. Materials 
Acetone, 99%, Qualigens, India Ltd. (used as received), Ammonia 
Solution, Qualigens, India Ltd. (used as received). Hydrochloric 
Acid, 35%, E. Merck, India Ltd. (used as received), Polyacrylonitrile 
Sheets, Aman Enterprises, India (used as received), Potassium 
Persulphate, 98%, CDH, India Ltd. (used as received), 
Tetrahydrofuran, 99.5%, CDH India Ltd. (used as received). 
Electrically Operated Automatic Thin Film Making Machine, 
Model: PF-A15 (TSI), Dry Box and Digital Microvoltmeter, Model: 
DMV-001 (Roorkee, India). 
3.2. Synthesis of Polyaniline 
Polyaniline (PANI) was prepared from 0.2M aniline in 1M HCI, mixed 
with small portions of oxidant potassium persulfate (0.1 M) in 1M HCI 
in an ice bath. The reaction mixture is then left for continuous stirring 
on a magnetic stirrer for 4-5 hours and then refrigerated for 10-12 
hours. The mixture is then poured over bookner funnel and washed 
repeatedly with distilled water until filtrate became neutral. The green 
colored powder so formed is dried in oven at 30-40°C overnight. The 
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polymer hence prepared was undoped with excess of ammonia (1M) 
and then washed with distilled water until filtrate became neutral. 
Different concentrations of aniline, potassium persulphate and 
experimental conditions applied for the polymerization of aniline to 
establish the best yield method; Table-2 shows the possible 
concentration ratios and experimental conditions applied for the 
chemical synthesis and the percentage yield obtained in the process. 
Surveying all the results of the synthesis, the best polyaniline 
yield obtained, was from 0.2 M aniline and 0.1M potassium persulfate 
in 1M HCI stirred for 1 hour and refrigerated for 6 hours. 
3.3. Preparation of Polyaniline: Polyacrylonitrile Composite 
Films 
3.3.1. Casting of Films 
Polyacrylonitrile (PAN) was quantitatively weighed and dissolved in 
tetrahydrofuran (THF) and kept at room temperature for 24 hours. 
Aniline in quantitative ratio is poured drop-wise in the PAN solution 
and stirred for homogeneous mixing of aniline. The mixture is then 
slowly poured in glass circle and left undisturbed to be dried 
completely for 2-3 days. After the film is completely dried, it is slowly 
removed from the glass circle and stored in airtight polybags until 
further processing as detailed in Table-3. 
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Table-2. Various possible experimental conditions for the 
synthesis of polyaniline. 
Sr. 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
Cone, of 
HCI* 
0.2M 
1.2M 
1.0M 
1.0M 
1.0M 
1.0M 
1.0M 
1.0M 
Cone, of 
Aniline 
(100ml) 
0.2M 
0.2M 
0.2M 
10% 
0.2M 
0.5M 
1M 
1.5M 
Cone, of 
K2S2O8 
(100ml) 
0.2M 
0.2M 
0.25M 
0.1M 
0.1M 
0.1M 
0.1M 
0.1M 
Stirring Time 
30 min manually 
30 min manually 
30 min manually 
30 min manually 
1 hour on 
magnetic stirrer 
1 hour on 
magnetic stirrer 
1 hour on 
magnetic stirrer 
1 hour on 
magnetic stirrer 
Refrigeration 
Time 
Over night 
Over night 
Over night 
Over night 
6 hours 
6 hours 
6 hours 
6 hours 
solvent for preparing Aniline and K2S2O8 solution 
Table-3. Preparation of polyaniline: polyacrylonitrile (PANhPAN) 
composite films. 
Sample ID 
PANI:PAN-1 
PANI:PAN-2 
PANI:PAN-3 
Quantity 
of PAN 
(g) 
1.0 
1.0 
1.0 
Quantity of 
Aniline 
(g) 
0.5 
0.75 
1.0 
(ml) 
0.49 
0.735 
0.98 
Quantity 
ofTHF 
(ml) 
30 
30 
30 
Quantity of 
0.1M 
K2S208(ml)* 
100 
100 
100 
'solution of K2S2O8 prepared in HCI (1M) 
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3.3.2. Processing of the Films 
A small portion is cut from the film thus prepared and pressed in 
Electrically Operated Automatic Press (Model-PF-A15, Techno 
Search Instruments) in 0.05 mm dice at total temperature of 160°C. 
Pressor of 6 ton is applied at 120°C. The film thus obtained is of 
thickness ranging between 0.10 mm-0.15 mm. 
From each film a rectangular portion of cross section area 
(2.5x1) cm^ is cut, weighed and then polymerization in aniline soaked 
PAN films is effected in 0.1 M potassium persulphate solution (in 1M 
HCI) for 48 hours. Composite film thus synthesized is washed in 
distilled water and dried in dry box for 4-5 hours. Each film is then 
carefully weighed in an electronic balance, their density calculated 
from the weight and volume data and dc electrical conductivity 
measured by the four probe technique; Table-4. 
3.3.3. Doping of Conducting Films 
The conductivity of each film is further enhanced to the range of 
metals by doping in 1M HCI for a maximum period. And the dc 
electrical conductivity of each film is tabulated in Table-4. 
3.4. Characterization of the Composite Films 
3.4.1. DC Electrical Conductivity Measurements 
DC electrical conductivity of the doped composite films was 
measured using a four-in-line probe DC Electrical Conductivity 
Measuring Instrument (scientific equipments, Roorkee). DC electrical 
conductivity (o) was calculated using following equations 
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Tabie-4. Specification of polyaniiine: polyacrylonitrile (PANI:PAN) 
composites films. 
SampI 
10 
e 
PANI: 
PAN-1 
PANI: 
PAN-2 
PANI: 
PAN-3 
a 
b 
c 
d 
e 
f 
9 
a 
b 
c 
d 
e 
f 
9 
a 
b 
Quantity 
ofO.IM 
K2S2O8 
(ml) 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
Thickness 
of 
Polymer 
Film (mm) 
0.14 
0.15 
0.14 
0.15 
0.16 
0.17 
0.13 
0.15 
0.15 
0.16 
0.14 
0.20 
0.13 
0.17 
0.14 
0.16 
Weight of Polymerized 
Film (g) 
before 
doping 
0.0325 
0.0396 
0.0363 
0.0355 
0.0362 
0.0343 
0.0336 
0.0271 
0.0320 
0.0380 
0.0325 
0.0350 
0.0355 
0.0335 
0.0331 
0.0361 
after 
doping 
0.0342 
0.0436 
0.0400 
0.0380 
0.0380 
0.0363 
0.0360 
0.0300 
0.0326 
0.0385 
0.0340 
0.0345 
0.0388 
0.0300 
0.0360 
0.0378 
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G-j{\N/S)=(2S/\N)\n2 (19) 
Po = (V/I)2TTS (20) 
a=1/p (21) 
Where Gy (W/S) is a correction divisor whicii is a function of 
thickness of the sample as well as probe spacing, where I, V, W, and 
S are current (A), voltage (V), thickness of the film (cm) and probe 
spacing respectively [1]. 
The sample to be tested is placed on the base plate of four-
probe arrangement and the probes allowed to rest in the middle of ' 
the sample. A very gentle pressure is applied on the probes and then 
it was tightened in this position so as to avoid piercing of the probes 
into the samples. The an-angement was placed in the Digitally 
temperature controlled oven. The current was passed through the 
two outer probes and the floating potential across the inner pair of 
probes was measured. The oven supply is then switched on, the 
temperature was allowed to increase gradually while current and 
voltage was recorded with rise in temperature. 
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3.4.2. Scanning Electron Microscopy of the Composite Films 
The surface morphology of the PANhPAN composite films was 
examined by the technique of scanning electron microscopy 
performed on the instrument for SEM analysis of specification LEO 
435 VP under two magnifications. 
3.4.3 Thermal Stability of the Composite Films 
The thermal stability of composite samples in terms of DC electrical 
conductivity retention was studied under isothermal condition by 
using 4-in~rme DC Electrical Conductivity Measuring Instrument. 
This study was carried out at SO C^, 70°C and 90°C in an air 
oven because the composite films curled on further increase in 
temperature around 100°C. The electrical conductivity 
measurements were done at an interval of 15 minutes. 
3.5. Electrochemical Cell 
The electrochemical processes of the batteries involve the conversion 
of chemical energy into electrical energy and vice-versa. And the 
reversibility of the doping and undoping processes led to the 
realization of using them in secondary batteries. Conducting 
composite polymer acts as cathode and is doped with a low 
molecular weight anion and anode comprises of a metal. During 
discharging, anion (X"') is released from the cathode and cation (M"^ ) 
is dissolved from the anode, whereby the ion concentration in the 
electrolyte solution considerably increases. On the other hand, these 
reactions are reversed during charging. That is, anion (X") is 
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incorporated into cathode and metal ions (M ) precipitate as metal 
on the anode, whereby the ion concentration in the electrolyte 
solution markedly decreases. It is, therefore, apparent that the 
charging and discharging characteristic of batteries of this type 
depends on the diffusion of both the metal ion and the anion into and 
out of polymer cathode. 
3.5.1. Requirements 
Beaker (25ml), Glass Rod (15cm), Iron Clamps [coating removed 
by keeping overnight in 1M NaOH], 9-Volt Battery, Plastic Sheets 
(to be used as frits), Teflon Coated Platinum Wire, Platinum Foil, 
Aluminum Foil (used as received), Dimethylsulphoxide, Qualigens, 
India Ltd. (used as received) Aluminum Chloride, CDH, India, Ltd. 
(used as received). Electronic Balance, Digital Multimeter, Digital 
Micro Voltmeter- Model DMV-001 (Roorkee, India), Low Current 
Source- LCS-01 (Roorkee, India) and Dry Box. 
3.5.2. Setup of the Electrochemical Cell 
RANI: PAN composite films are used as working electrode in the 
electrochemical cell. Fully doped (chemically) composite film is 
considered to be charged. Thereby a fully charged composite film is 
used as cathode (working electrode), aluminum metal foil is used as 
anode (counter electrode) and platinum foil as reference electrode. 
The electrolyte is of aluminum chloride in DMSO, since the dopant 
ion is the chloride ion. The electrolyte solution had a constant pH of 
around 4 to 5 and polyaniline is electroactive only in an acidic media. 
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The three electrodes were hanged with the help of iron clamps 
(purchased from market) separated from one another by thin 
polyethylene frits to prevent from short circuiting, and 1cm^ area of 
these electrodes were dipped in 20 ml electrolyte solution in a glass 
beaker. The positive pole of a 9-volt battery (purchased from market) 
connected to the counter electrode (aluminum foil) with Teflon coated 
platinum wire and the negative pole of the battery was connected to 
the positive electrode (PANI: PAN composite film). On the other 
hand, the reference electrode (platinum foil) and as well the working 
electrode were connected to the digital multimeter Figure-13. 
The voltage of the working electrode is stabilized with respect to 
the reference electrode and the stable initial voltage of the composite 
film with respect to Pt electrode noted for the discharging process. 
Current is then applied between the working and counter electrode 
through a 9-volt battery. The change in voltage versus time is recorded 
and the discharge curve obtained. After the discharging process the 
film is washed with distilled water, dried in a dry box and its DC 
Electrical Conductivity was measured. 
The film is doped by reversing the process and tabulated data of 
voltage versus time is hence plotted as the charge curve. DC Electrical 
Conductivity of the washed and dried film is recorded. 
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DIGITAL MULTIMETER 
REFERENCE ELECTRODI 
ALUMINIUM CHLORIDE IN DMS' 
EY \ M B A H E R Y 
VARIABLE RESISTANCE 
OUNTER ELECTRODE 
ORKING ELECTRODE 
Figure-13. Setup of the electrochemical cell 
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3.6. Diffusion Behavior of Composite Films 
During discharging, anion (X") is released from the cathode and 
cation (M""^ ) is dissolved from the anode, whereby the ion 
concentration in the electrolyte solution considerably increases. On 
the other hand, these reactions are reversed during charging. That 
is, anion X"' is incorporated into cathode and metal ion M "* deposited 
as a metal on the anode, thereby decreasing the ion concentration in 
the electrolyte solution. It is therefore apparent that the charging and 
discharging characteristics of such electrochemical cells depend on 
the diffusion of both the metal ion and the anion into and out of 
polymer composite film. 
3.6.1. Estimation of Dopant ion Concentration in the Films 
It is essential to know that the extent of dopant present in the polymer 
for the estimation of the diffusion coefficient, therefore as-prepared 
polyaniline: polyacrylonitrile composite films were undoped in 
electrochemical cell containing appropriate electrolyte solution by 
applying a current of few-microamperes, some before and some after 
diffusion measurements, to establish that there is no loss of dopant 
by any other side reaction. The voltage against counter electrode 
was recorded at regular intervals by Digital voltmeter and data were 
tabulated and plotted. 
The data were analyzed for dopant concentration as per the 
equations shown below; 
Mol. Ratio y = — ^ (8) 
Fw 
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vd "^  
Dopant concentration C = -, r mol cm (9) 
(Mm+yMd) 
where C is the dopant concentration in polymer (mol cm'^ ), y is the 
mol ratio (number of mol of dopant present per monomer unit), I is the 
strength of the current passed (A), t is the time taken in undoping (s), 
Mm is the formula weight of monomer residue, F is the Faraday's 
constant (96487 C mol'^ ), w is the weight of polymer (g), d is the 
density of the polymer (g cm"^ ) and Md is the formula weight of dopant 
ion. 
3.6.2. Electrochemical Discharging and Charging Processes 
Doping is a reversible piocess, which causes little or no degradation 
of the polymer backbone. In electrochemical doping, the counter 
electrode supplies the redox charge to the conducting polymer 
electrode, while ions diffuse into (or out of) the polymer structure from 
the nearby electrolyte to compensate the electronic charge. The 
doping level is determined by the voltage between the conducting 
polymer electrode and the counter electrode; at electrochemical 
equilibrium the doping level is precisely defined by that voltage. 
Thus, doping at any level can be achieved by setting the 
electrochemical cell at a fixed applied voltage and simply waiting as 
long as necessary for the system to come to equilibrium (as indicated 
by the current through the cell going to zero). The change in voltage 
versus time is recorded at regular interval and the discharge curve 
obtained. The process is repeated reversibly by simply allowing the 
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follow of current in the direction opposite to that of discharging for the 
conducting polymer electrode to be charged. A fully charged polymer 
film is then monitored for the diffusion behavior of the dopant ion by 
the estimation of its diffusion coefficient. 
3.6.3. Estimation of Diffusion Coefficient 
Of the various techniques available for ionic diffusion measurement 
the galvanostatic pulse technique has been used very successfully to 
estimate diffusion of dopant ion into the polymer backbone. In this 
method, a constant current pulse is passed through the equilibrated 
electrode material. And we have used Low Current Source- LCS-01 
(Roorkee, India), to provide a fixed limiting current between the 
counter and working electrodes. The change in the electrode 
potential against a standard reference electrode due to deposition of 
a quantity of ions equivalent to IP/F on the electrode surface is 
tabulated with respect to increasing time. A small amount of dopant 
(depending upon strength of pulse) was deposited on the polymer 
electrode as the diffusion equation would be valid only for small 
changes in electrode potential, and a clean aluminum sheet was used 
as the quasi-standard electrode (as the potential of aluminum 
electrode may be assumed constant during the experiment as 
equilibration does not take too long). As the deposited ions diffuse 
into the electrode material, the surface concentration changes and 
the electrode potential recovers. A plot, of recovery voltage, Et 
against \'^'^ should follow a straight line, if the diffusion behavior is 
governed by Pick's law. The following expression was used for the 
estimation of the diffusion coefficient for the ions into and out of the 
electrode material. 
exp^  ^' >=--. J^ ^ - (10) 
(l-y)FAC„VTCDt 
Plot of (Et - EQ ) versus f^^follows a straight line of slope S, 
IPRT 
S = , — — v s . t - (11) 
ll-yfF^AC.ViD 
from which, 
Dn = 
^ IPRT 
(l-y)¥2AC,S, 
(12) 
D = ^ P ! R ! I L cm s^-' (13) 
where I is the current strength of the impulse (A), P is the duration of 
the impulse (s), R is the universal gas constant (8.314 J mol"^  K'^ ), T 
is experimental temperature (K), F is Faradays constant (96487C 
moi'^ ), A is the area of polymer coated electrode (cm^), C^ is dopant 
concentration in polymer film (mol cm"^ ), (1-y is the correction factor) 
and Eo is the original equilibrium potential of the electrode. 
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RESULTS 
& 
DISCUSSIONS 
CHAPTER-4 
4. Results and Discussion 
The conducting constituent of the composites, polyaniline (PANI) is a 
highly placed intrinsic conductor. The polymer is embedded in the 
matrix of the non-conducting polymer, polyacrylonitrile (PAN). The 
dipolar interactions (-36 kJmol"^ ), between the side -CN groups in the 
PAIN backbone which is significantly stronger than the hydrogen 
bonding and van der Waals forces, improves the molecular alignment 
immensely. 
4.1. Synthesis of Polyaniline 
Polyaniline was prepared using different concentrations of aniline and 
K2S2O8 to find out the best method which could give maximum yield 
and as well as of high quality. During the synthesis, the time interval 
for stirring the reaction mixture and the time for which the product left 
in for refrigeration was also taken care of. Frequently the reaction 
mixture was stirred for one to two hours and left in refrigerator for 
overnight, but with strict conditions, best yield is obtained when taken 
out of refrigerator after 6 hours. When kept for overnight results in 
over oxidation of the product with lesser conductivity (Table-5). 
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Table-5. Study of yield percentage of polyaniline at different 
experimental conditions. 
s. 
No. 
' 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
Cone, 
of HCI* 
0.2M 
1.2M 
1.0M 
1.0M 
1.0M 
1.0M 
1.0M 
1.0M 
Cone, of 
Aniline 
(100ml) 
0.2M 
0.2M 
0.2M 
10% 
0.2M 
0.5M 
1M 
1.5M 
Cone, of 
K2S2O8 
(100ml) 
0.2M 
0.2M 
0.25M 
0.1M 
0.1M 
0.1M 
0.1M 
0.1M 
Stirring 
Time 
SOmin 
manually 
30 min 
manually 
30 min 
manually 
30 min 
manually 
1 hour on 
magnetic 
stirrer 
1 hour on 
magnetic 
stirrer 
1 hour on 
magnetic 
stirrer 
1 hour on 
magnetic 
stirrer 
Refrigeration 
Time 
Over night 
Over night 
Over night 
Over night 
6 hours 
6 hours 
6 hours 
6 hours 
Yield 
(g) 
0.02 
Low 
yield 
1.95 
-1.32 
0.53 
1.36 
0.50 
Not 
formed 
(%) 
02.15 
17.14 
12.94 
28.50 
29.20 
05.36 
solvent for preparing Aniline and K2S2O8 solution 
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Surveying all the results of the synthesis, the best polyaniline 
yield obtained, was from 0.2 M aniline and 0.1M potassium persulfate 
in 1M HCI stirred for 1 hour and refrigerated for 6 hours. 
4.2. Undoping and Doping of Composite Films 
The composite films are oxidized in an aqueous acidic (HCI) medium 
with potassium persulphate (K2S2O8), the protonated conducting form 
of polyaniline is produced as per the following equation: 
r\ \ /^ .?^ / J n 
Emeraldine base (non-conducting) 
HCI 
r\ 
i' 
N Hu^ 
/=x cr 
+ 
9'' 
\ / = < = N — 
H — H — H 
A 
Emeraldine salt (conducting) 
i 
CI 
+• 
H ' 
cr 
+• 
H — H ^— H — ^ ^ jn 
B 
(22) 
Both the conducting form of PANI, A and B, exists in equilibrium 
with each other. The mechanisms of the two forms are explained on 
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the basis of proton induced spin unpairing mechanism, but with no 
change in the number of electrons in the polymer chain [1]. 
The conducting polyaniline (PAN!: PAN) composite films so 
formed are undoped with either gaseous or aqueous ammonia. 
Schollhorn and Zagefka [2] have suggested a redox reaction for 
ammonia or amine intercalation into layered metal chalcogenides, 
which has been further supported by the work of Foot and Shaker [3]. 
The overall chemical reaction for the disproportionation of ammonia is 
given by the following equation: 
8NH3 -^ 6NH4" + 6e + N2 (23) 
In addition, the analogous redox reaction for chemical compensation 
by water is suggested by Mohammad [4] as per the given equations: 
6H2O -^ 4H3O' + 4e + O2 (24) 
When aqueous ammonia is taken for undoping the disproportionation 
reaction is explained by the following equation: 
NH4OH -^ NH/ + OH" (25) 
The electrochemical undoping and chemical compensation behavior 
of polythiophene and polypyrrole [PTh- BF4 and PPy-BF4] can be well 
explained [5]. The gaseous or aqueous ammonia compensation of 
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PTh- BF4 is chemically neutralized for its electronic charge as per the 
equations given below: 
PTh^- BF4' + NH/ +e~> PTh + NH/BF4" 
PTh*- BF4" + H30*+ e- -^ PTh + HBF4 + H2O 
(26) 
(27) 
The explaination given for the undoping of polythiophene and 
polypyrrole on the basis of equation (26) and (27) cannot satisfactorily 
explain the undoping phenomenon in polyaniline or its composite. 
Hence, the analogous reactions [6] explaining undoping with either 
gaseous or aqueous ammonia and doping with HCI (1M) of polyaniline 
component of the composite has been suggested as: 
.r\ 
\ 
nNH40H 
\J^l~\^ --If- +nNH4CI 
" +H2O (28) 
The A form of the doped polyaniline (equation 22) undergoes 
undoping with aqueous ammonia and similar equation is also been 
suggested for the B form: 
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.r\ 
^r\ 
/ \ 
/^K^vy 
cr 
H \ / 
+• 
N-
H 
\ 
nNH40H 
l\Ti\j-'^-^^r'^-
+2e" 
+ nNH4CI+H20 
-2e' 
N N 
Emeraldine base 
(undoped) form 
K / = N l - (29) 
In addition, both the forms of the doped polyaniline A and B 
(equation 22) have also been suggested to react with gaseous 
ammonia and in both the case the product is the fully reduced form of 
polyaniline, i.e., leucoemeraldine. 
/ ~ \ 
/ " ^ 
H 
cr 
+ t\-r-tX^T\^' 
cr 
+ 
lnNH3^^nNH/+ ne' 
^-v^K"^^ \ _ / 
+ nNH4CI 
(30) 
and 
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r\ 
H — ^ 
\ 
T 
lO-l 
=» cr ^^^ cr, 
\ — ^ H — Hi 
nNH3^^nNH4^+ne' 
-O-jrO-^t 
+ nNH4CI 
(31) 
The charge neutralization reaction depends on the rate of chemical 
reaction between the conducting polymer and undoping agent, which 
in turn depends upon the reactivity of the polymer chain and basic 
strength of undoping agent. 
On doping the polyaniline: polyacrylonitrile composite film with 
HCI (1M) solution results in the conversion of non-conducting 
emeraldine base form to the conducting emeraldine salt form of the 
polyaniline as per the general equation: 
/ " ^ N N fV^'f^VJ^-\^ 
Emeraldine base (non-conducting) 
HCI 
--Hi-
n 
i' 
-^  ^ -'"^^Ty-'Hrhr 
H H H 
CI". 
+ 
H n 
Emeraldine salt (conducting) 
(32) 
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Composite films thus synthesized is washed in distilled water and 
dried in dry box for 4-5 hours. Each film is then carefully weighed on 
an electronic balance, their densities calculated from the weight and 
volume data and dc electrical conductivity measured by the four probe 
technique. The conductivity of each film is further enhanced to the 
range of metals by doping in 1M HCI for a maximum period. And the 
dc electrical conductivity of each film is tabulated; Table-6. 
4.3. Characterization 
4.3.1. FTIR studies 
The FTIR spectra of polyaniline, polyacrylonitrile (PAN) and 
polyaniline: polyacrylonitrile composites are presented in Figure-14 
and the tabulated form of the FTIR peak positions are presented in 
Table-7. 
The band corresponding to out of plane bending vibration of C-H 
bond of p-disubstituted benzene rings appears at 824 cm"\ The 
bands corresponding to stretching vibration of N-B-N and N=Q=N 
structures appear at 1497 cm"^  and 1587 cm"^  respectively where -B-
and =Q= stand for benzenoid and quinoid moieties in the polyaniline. 
The bands corresponding to vibration mode of N=Q=N ring and 
stretching mode of C-N bond appear at 1143 cm"^  and 1302 cm"\ The 
FTIF^  spectrum supports the presence of benzenoid as well as quinoid 
moiejties in the polyaniline. 
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Table-6. Electrical conductivity of polyaniline: polyacrylonitrile 
(PANIrPAN) composites films. 
Sample 
ID 
PANI: 
PAN-1 
PANI: 
PAN-2 
PANI: 
PAN-3 
a 
b 
c 
d 
e 
f 
g 
a 
b 
c 
d 
e 
f 
g 
a 
b 
Quantity 
ofO.IM 
K2S2O8 
(ml) 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
Thickness 
of 
Polymer 
Film (mm) 
0.14 
0.15 
0.14 
0.15 
0.16 
0.17 
0.13 
0.15 
0.15 
0.16 
0.14 
0.20 
0.13 
0.17 
0.14 
0.16 
Weight of 
Polymerized Film 
(g) 
before 
doping 
0.0325 
0.0396 
0.0363 
0.0355 
0.0362 
0.0343 
0.0336 
0.0271 
0.0320 
0.0380 
0.0325 
0.0350 
0.0355 
0.0335 
0.0331 
0.0361 
after 
doping 
0.0342 
0.0436 
0.0400 
0.0380 
0.0380 
0.0363 
0.0360 
0.0300 
0.0326 
0.0385 
0.0340 
0.0345 
0.0388 
0.0300 
0.0360 
0.0378 
DC Electrical 
Conductivity of 
PANI: PAN 
Composite Film 
(Scm-^ ) 
Undoped 
2.9x10-^ 
2.4x10-^ 
4.7x10'^ 
3.7x10-' 
6.9x10"' 
1.6x10-' 
1.2x10"' 
1.5x10"^ 
3.2x10"^ 
4.16x10"^ 
2.7x10""^  
1.53x10" 
1.13x10" 
7.4x10"^ 
1.4x10"^ 
2.5x10"' 
Doped 
3.0x10" 
8.0x10"' 
1.58x10"' 
6.2x10-^ 
1.7x10"^ 
5.0x10"^ 
2.0x10"' 
3.6x10-"^  
1.3x10"' 
6.1x10"' 
2.6x10"' 
5.5x10"' 
1.7x10" 
6.5x10'' 
2.2x10"' 
1.2x10" 
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Figure-14. FTIR spectra of polyaniline: polyacrylonitrile (PANI: 
F»AN) composite films- (a) PANI, (b) PAN, (c) PANI:PAN-1, (d) 
PANI:PAN-2, (e) PANI:PAN-3. 
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Table-7. FTiR peak positions (cm"^ ) of poiyaniline (PANI), 
polyacrylonitrile (PAN) and poiyaniline: polyacrylonitriie 
(PANhPAN) composites 
PANI 
3259 
3035 
2846 
2358 
1587 
1497 
1377 
1302 
1241 
1143 
1008 
954 
824 
728 
505 
PAN 
3969 
3652 
3555 
3442 
2950 
2844 
2653 
2598 
2414 
2051 
1962 
1726 
1637 
1451 
1387 
1069 
983 
954 
912 
842 
827 
810 
750 
655 
524 
PANI: 
PAN-1 
3444 
3347 
2938 
2049 
1962 
1755 
1693 
1586 
1451 
1387 
1264 
1102 
1064 
989 
965 
913 
838 
825 
806 
700 
690 
586 
516 
PANI: 
PAN-2 
3433 
2998 
2840 
2576 
2053 
1953 
1726 
1580 
1441 
1387 
1266 
1117 
1064 
989 
961 
911 
841 
825 
806 
751 
694 
586 
513 
PANI: 
PAN-3 
3433 
3234 
2955 
2592 
2048 
1975 
1741 
1583 
1424 
1384 
1064 
982 
961 
911 
842 
825 
809 
751 
692 
588 
508 
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The characteristic broad band for C=N groups in polyacrylonitrile 
appears around 1995 cnnV Two characteristic bands for CH2 appear 
around 1451 cm'^  and around 750 cm'^  for the bending and rocking 
vibrations, respectively. In the composite, the gradual increase in the 
intensities of the bands corresponding to PANI and decrease in the 
band corresponds to PAN support the gradual change in the 
composition of the composite formulation as evident from Figure-14. 
4.3.2. SEM Studies 
Figure-15 refers to the SEM photographs of polyaniline: ^ 
polyacrylonitrile composite films at two different magnifications. 
Evidently, the composite of polyaniline in the polyacrylonitrile matrix is 
observed, but the film morphology is not satisfactorily homogeneous. 
4.3.3. Thermal Stability in Terms of DC Electrical Conductivity 
Retention 
The electrical conductivity measurements were done in the ambient 
conditions. The composite (PANI: PAN) samples were thoroughly 
dried before measurements of electrical conductivity. The current-
voltage data obtained at increasing temperature for the determination 
of electrical conductivity of polyaniline: polyacrylonitrile composite 
samples were processed for calculation of electrical conductivity using 
equation (18). The electrical conductivity increases with increase in 
polyaniline content in the composite material. The composite films 
were treated with 1M HOI solution and the electrical conductivity of 
these composite films varied from insulator, through semiconductor to 
metallic range. 
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(a) PANI:PAN-1 at low magnification (a') PANI:PAN-1 at high magnification 
(b) F'ANI:PAN-2 at low magnification (b') PANI:PAN-2 at high magnification 
(c) PANI:PAN-3 at low magnification (c') PANI:PAN-3 at high magnification 
Figure-15. SEM photographs of polyaniline: polyacrylonitrile 
composites taken at two different magnifications. 
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The isothermal stability of the HCI doped films in term of DC 
electrical conductivity retention was carried out at 50°C, 70°C and 
90°C in an air oven. The electrical conductivity measurements were 
done at an inter\'al of 15 minutes in an accelerated ageing 
experiment. The electrical conductivity measured with respect to time 
of accelerated ageing is presented in Table-8 and Figure-16. 
In polyaniline: polyacrylonitrile films, it is observed that the 
electrical conductivity is quite stable up to 90°C that supports the fact 
that the DC electrical conductivity of the composite is sufficiently 
stable under ambient temperatures. The decrease in electrical 
conductivity with time may be attributed to the loss of dopant, the 
chemical reaction of dopant with polymer and little oxidative 
degradation of composites. 
4.4. Discussions on Electrochemistry of PANI:PAN Composite 
Films 
4.4.11. Charging-discharging phenomenon 
Composite films doped chemically is said to be fully charged. Prior to 
the electrochemical study, the film is analyzed for some specifications 
such as its weight when completely dried, density, and its electrical 
conductivity. This is necessary before dipping the polymer film in the 
electrolyte solution. 
The conducting polymer film is applied in the electrochemical 
cell as working electrode. The Al/Zn foil as a counter electrode and Pt 
foil used as a reference electrode to monitor the potential of 
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Table-8. Stability of DC Electrical Conductivity of 
polyaniline: polyacrylonitrile (PANI: PAN) composites under 
isothermal condition. 
Temperature 
rc) 
50 
70 
90 
Time 
(min) 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
0 
15 
30 
45 
60 
DC Electrical Conductivity (Scm"^ ) 
PANI:PAN-1 
xlO-' 
-0.4804 
-1.97 
-4.309 
-5.996 
-11.49 
-1.149 
11.49 
4.925 
3.94 
4.596 
-0.06895 
0.868 
2.298 
3.448 
4.597 
PANI:PAN-2 
xio-^ 
-2.94 
-4.703 
-5.329 
-5.4078 
-5.572 
-2.8287 
-5.837 
-5.979 
-5.979 
-5.979 
-6.078 
-5.837 
-5.657 
-5.4479 
-5.4078 
113 
1 1 
0.5-
^ 0 1 
1 -0.5 « 
Y 0 . 
o 0 " ' 
" 1 
tS -2 
i^ -2.5 -
- 3 -
-3.5 -
(b) 
^ ^ ^ ^ ^ . — ^ ^ ^ ^ 
^ 20 40 
Time (min) 
1 
60 { 
- • - 5 0 
- ^ 7 0 
- A - 9 0 
JO 
Figure-16. Isothermal stability in terms of DC electrical 
conductivity with respect to time of (a) PANI: PAN-1 and (b) 
RANI: PAN-2 composites. 
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PANI:PAN cathode. The positive pole of 9-volt battery was 
connected to negative electrode Zn/AI (as counter electrode) by 
Teflon coated platinum wire, and the negative pole of the battery was 
connected to the positive electrode (PANI:PAN composite film). On 
the other hand, the Pt reference electrode was connected to the 
multimeter. Current is then applied between the working and counter 
electrode through a 9-volt battery. The voltage of working electrode 
against the counter electrode was recorded at regular intervals by a 
Digital multimeter and data were tabulated in Table-9 and shown in 
Figure-17. 
During the discharging process, the decrease in voltage with 
current is abrupt in the beginning and then it followed a gradual drop 
in voltage. This can be inferred that it may be due to gradual change 
in the oxidation states of polyaniline, i.e., from oxidized form of 
polyaniline (emeraldine salt) to the not fully reduced form of 
polyaniline (emeraldine base). Further confirmation for the 
discharging process is supported by the film conductivity taken before 
and after the process. The magnitude decrease in the electrical 
conductivity follows the discharging of the working electrode. 
For the cell (AI/AICI3, PANI: PAN) reaction assumed for the 
discharging of PANI: PAN composite films is as follows: 
nAI ->nAP^ +3n(e-) (33) 
at anode, and 
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Table-9. Discharging of polyaniline: polyacrylonitrile (PANI: PAN) 
composite films. 
Time 
(min) 
0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
Voltage 
(volts) 
-15 
-15.25 
-15.4 
-15.52 
-15.63 
-15.72 
-15.78 
-15.8 
-15.84 
-15.87 
-15.93 
-15.97 
-16.02 
-16.05 
-16.06 
-16.07 
-16.08 
-16.09 
-16.08 
-16.07 
-16.08 
Time 
(min) 
0 
1 
2 
3 
4 
5 
6 
7 
8 
10 
12 
15 
17 
20 
22 
25 
28 
30 
-
-
-
Voltage 
(volts) 
-15.7 
-15.82 
-15.9 
-15.98 
-16.1 
-16.18 
-16.22 
-16.24 
-16.25 
-16.26 
-16.27 
-16.28 
-16.3 
-16.31 
-16.32 
-16.318 
-16.32 
-16.33 
-
-
-
Time 
(min) 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
-
-
-
-
-
-
-
Voltage 
(volts) 
-9.97 
-10.32 
-10.48 
-10.6 
-10.66 
-10.74 
-10.86 
-10.94 
-11.00 
-11.04 
-11.08 
-11.11 
-11.12 
-11.12 
-
-
-
-
-
-
-
(a) PAN: PAN-1 (b) PANI: PAN-2 (c) PANI: PAN-3 
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Figure-17. Electrochemical discharging of polyaniline: 
polyacrylonitriie composite films- (a) PANI:PAN-1, (b) PANhPAN-
2 and (c) PAN!:PAN-3 in an Aids electrolyte dissolved in DMSO. 
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/"A-, N N-H V ^ n " n i + 3n (H"") + 3n (e") 
r\. 
-N N N 
H N f!^  ' ^ N ^ 
N-
Jn (34) 
at the cathode, giving the over all discharge reaction: 
r\ 
rvj^TXJ K / = N ^ 
\ 
+ n Al + 3n (HCI) 
+ nAICIa (35) 
Since the reaction is reversible, the cell reaction during charging 
is the reverse of that during discharging. And the charging process is 
therefore confirmed by measuring its conductivity. The magnitude 
increase in the electrical conductivity follows the charging of the 
working electrode. Thus, the reversibility of the electrochemical cell 
established. 
The charging process can therefore be implied as the change of 
the reduced form of polyaniline (leucoemeraldine) to the oxidized form 
of polyaniline (emeraldine salt). But if charged for long duration, it can 
be converted to protonated pernigraniline, and may be expected to be 
conducting. Similar is the case when the film is discharged for long 
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duration emeraldine base is reduced to colorless, non-conducting 
leucoemeraidine [7]. And since discharging takes place for an 
unlimited period, the composite film undergoes degradation and 
shows conductivity below the conducting range. This can be implied 
to be the loss of cell recyclability and the film considered to be fully 
discharged. Hence, the composite film rendered unsuitable for further 
electrochemical study. 
4.4.2. Estimation of Diffusion Coefficient 
A fully charged polymer film is employed in an electrochemical cell for 
the study of diffusion behavior of the dopant ions and its diffusion 
coefficient was estimated. Of the various techniques available for 
ionic diffusion measurement, the galvanostatic pulse technique is 
used to estimate diffusion of dopant ion into the polymer backbone. A 
fixed limiting current is provided with low current source LCS-01 
between the counter and working electrode. The change in the 
electrode potential (Et) against a standard reference electrode with 
respect to increasing time is tabulated for all the three samples 
prepared (Table-10(a), 10(b) and 10(c)). The different parameters for 
the diffusion of ions into and out of the polymer backbone are 
calculated as per equations 8 and 9. The discharge curve of, 
recovery voltage (EfEo) against t'^ '^ , is plotted (Figure-18(a), 18(b) 
and 18(c)) and the slope from the straight line deduced. The diffusion 
coefficient of the electrode material was estimated using equation 
(13). 
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Table-10(a). Diffusion behavior of polyaniline: polyacrylonitrile-1 
(PANI: PAN-1) composite films and estimation of diffusion 
coefficient. 
Film Specification 
w = 0.0295g 
d =0.05g mm'^ 
a=1.47Scm"' 
i=150mA 
P =5 sec 
1=1x10-^ A 
y =4.7115 
Co=9.055x10"' 
1 
2 
3 
4 
^T 
t(s) 
3 
5 
10 
12 
15 
18 
25 
Eo =0.07V 
5 
8 
10 
15 
18 
30 
32 
Eo=OV 
8 
10 
15 
18 
20 
30 
45 
75 
90 
Eo = -0.02 V 
4 
10 
12 
15 
30 
60 
Eo = -0.04V 
Et 
0.15 
0.12 
0.11 
0.10 
0.09 
0.08 
0.07 
x-1/2 
.577 
.447 
.316 
.288 
.258 
.236 
_ 0.2 
Et-Eo 
.08 
.05 
.04 
.03 
.02 
.01 
0 
S=0.2066 D =1.665x10" 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
S=0.2C 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
0 
-0.01 
-0.02 
S=0.25 
0.04 
0.02 
0.01 
0 
-0.01 
-0.02 
S=0.21 
0.447 
0.354 
0.316 
0.258 
0.236 
0.183 
0.177 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
J4 D =1.298x10'^ 
0.354 
0.316 
0.258 
0.236 
0.224 
0.183 
0.149 
0.115 
0.105 
0.08 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
0 
A 0=1.10x10" 
0.500 
0.316 
0.288 
0.258 
0.183 
0.129 
0.08 
0.06 
0.05 
0.04 
0.03 
0.02 
4 0=1.55x10" 
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Table-10(b). Diffusion behavior of polyaniline: polyacryionitrile-2 
(PANI: PAN-2) composite films and estimation of diffusion 
coefficient. 
Film Specification 
w =0.0335g 
d =0.1g mm'^ 
a =0.55 Scm"^  
i=150mA 
P = 5 sec 
1=1x10^A 
y =7.780 
Co =2.109x10-^ 
1 
2 
3 
4 
t(s) 
4 
8 
11 
12 
15 
45 
60 
Eo = 0.62V 
2 
3 
5 
7 
10 
12 
25 
60 
Eo = 0.60V 
5 
6 
12 
20 
40 
85 
Eo = 0.58V 
2 
4 
5 
7 
12 
25 
50 
Eo = 0.57V 
Et 
0.71 
0.68 
0.67 
0.66 
0.65 
0.64 
0.63 
t-1/2 
0.500 
0.354 
0.302 
0.288 
0.258 
0.149 
0.129 
Et-Eo 
0.09 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
S=0.1994 0=8.234x10''^ 
0.69 
0.67 
0.66 
0.65 
0.64 
0.63 
0.62 
0.61 
8=0.13/ 
0.66 
0.63 
0.62 
0.61 
0.60 
0.59 
S=0.20( 
0.65 
0.63 
0.62 
0.61 
0.60 
0.59 
0.58 
s=o.i3: 
0.707 
0.577 
0.447 
0.378 
0.316 
0.288 
0.200 
0.129 
0.09 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
>6 0=1.863x10''' 
0.447 
0.354 
0.258 
0.224 
0.185 
0.108 
0.08 
0.05 
0.04 
0.03 
0.02 
0.01 
33 0=7.70x10" 
0.707 
0.500 
0.447 
0.378 
0.288 
0.200 
0.141 
0.08 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 
3 0=1.852x10'' 
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Table-10(c). Diffusion behavior of polyaniline: polyacrylonitrile-3 
(PAN!: PAN-3) composite films and estimation of diffusion 
coefficient. 
Film Specification 
w =0.0403g 
d=0.611g mm"^  
G=1.2Scm"'' 
i = 150mA 
P =5 sec 
1=1x10-^ A 
y =6.466 
Co=1.226x10-2 
1 
2 
3 
v / 
4 
t(s) 
1 
2 
3 
4 
10 
15 
20 
35 
65 
105 
Eo =-0.29 
7 
15 
20 
30 
Eo =-0.35^ 
1 
2 
4 
10 
15 
25 
Eo = -0.38 
1 
2 
4 
7 
10 
12 
15 
20 
40 
Eo = -0.36 
Et 
-0.04 
-0.15 
-0.16 
-0.17 
-0.22 
-0.24 
-0.25 
-0.26 
-0.27 
-0.28 
- ^ f T T -
1 
0.707 
0.577 
0.500 
0.316 
0.258 
0.224 
0.169 
0.124 
0.098 
Et-Eo 
0.25 
0.14 
0.13 
0.12 
0.07 
0.05 
0.04 
0.03 
0.02 
0.01 
V S=0.2719 D =2.855x10"" 
-0.27 
-0.32 
-0.33 
-0.34 
\/ S=0.22 
-0.20 
-0.27 
-0.28 
-0.33 
-0.34 
-0.35 
V S=0.24 
-0.20 
-0.25 
-0.26 
-0.29 
-0.30 
-0.31 
-0.32 
-0.33 
-0.34 
\/ S=0.25; 
0.378 
0.258 
0.224 
0.183 
0.08 
0.03 
0.02 
0.01 
2 D =4.282x10""" 
1 
0.707 
0.500 
0.316 
0.258 
0.200 
0.18 
0.11 
0.10 
0.05 
0.04 
0.03 
8 0=3.432x10""' 
1 
0.707 
0.500 
0.378 
0.316 
0.288 
0.258 
0.224 
0.158 
0.16 
0.11 
0.10 
0.07 
0.06 
0.05 
0.04 
0.03 
0.02 
36 0=3.282x10"" 
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Figure-18(a). Diffusion behavior of polyaniline: polyacrylonitrile-1 
(PAN!: PAN-1) composite films. 
123 
I 0., 
•^ 0.08 
M 0.06 
^ 0.04 
§ 0.02 
(1) 
0.2 0.4 
1-^ (^5-') 
0.6 
Slope=0.1994 
0.1 
0.08 
0.06 
0.04 
0.02 
0 
(2) 
0.2 0.4 0.6 0.8 
t-V^(s-') 
-•—Slope=0.1326 
0.2 
t-«(s-') 
0.4 0.6 
lr-Slope=0.2063 
f 0.1 -
o 
^ . 0.08 ^ 
0) 
f 0.06 -
r. 0 04 -
i 002-
o 
( 
(4) 
m 
y^ 
wr 
• 
> 1 1 1 
) 0.2 0.4 0.6 0.8 
•'"'(s'') -*—Slope=0.133 
Figure-18(b). Diffusion behavior of polyaniline: polyacrylonitrile-2 
(PANI: PAN-2) composite films. 
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Figure-18(c). Diffusion behavior of polyaniline: polyacrylonitrile-3 
(PANI: PAN-3) composite films. 
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The slope of the diffusion curve follows Fickian diffusion. From 
the estimated diffusion coefficient for the different samples of 
polyaniline; polyacrylonitrile (PAN!: PAN) composite films it is 
interpreted that different contents of PANI exhibit different diffusion 
behaviors. Although the coefficient values of PANI; PAN-1 and PANI: 
PAN-2 are not significantly different, yet the extent of diffusion in the 
composite films is of significance. 
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CONCLUSIONS 
& 
FUTURE WORKS 
CHAPTER-5 
5. Conclusions and Future works 
5.1 Conclusion 
The aim of this study was preparation of electrically conducting 
polyaniline: poiyacrylonitrile composite films, to study the 
electrochemistry of the film and to estimate the diffusion coefficient of 
the dopant ions into the film. 
This has been achieved by synthesizing the samples of 
polyaniline: polyacrylonitrile (PANI: PAN) composite containing different 
weight ratios of polyaniline is to polyacrylonitrile. Films of desired 
thicknesses were successfully obtained by pressing the dried samples 
of PAN containing aniline prior to oxidative polymerization in electrically 
operated Automatic presser. 
The electrical properties of the composite materials showed a 
remarkable increase in their electrical conductivity from insulator to 
conductor after doping with hydrochloric acid. Sample of PANI: PAN 
composites were characterized for their electrical properties, FTIR and 
SEM. 
Thermal stability in terms of retention of DC Electrical 
Conductivity was also obseived by isothermal techniques and the 
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samples were suitable for use in electrical and electronic applications 
below 100°C. 
The PAN I: PAN composite films so formed were successfully 
applied as an electro-active cathode material in rechargeable 
(secondary) batteries. Although doping chemically via acid base 
chemistry was more efficient yet a successful attempt was made to 
electrochemically undope and dope the chemically synthesized PANI 
composite films. The electrochemical cell model thus constructed was 
a wet type battery in which the electrolyte was of AICI3 in an organic 
solvent, i.e., Dimethyl Sulphoxide (DMSO). The fact that the 
electrochemical processes of the secondary battery involves the inter-
conversion of a chemical energy Into electrical energy and vice-versa 
led to the realization to study the doping and undoping of polymer 
samples. During the discharging of the cell, the anion (CI) is released 
from the cathode and the cation (AP"") is dissolved from the anode, and 
vice-versa in case of charging. Therefore, during discharging and 
charging, diffusion of both the metal ions as well as the anion takes 
place from into and out of polyaniline film. 
The extent of the dopant ion present in the polyaniline composite 
films was essentially calculated and the diffusion coefficient of the 
same estimated employing the galvanostatic pulse technique. Although 
diffusion of CI" ions into the PANI: PAN composite film was Fickian, yet 
the estimation study could be further improved. 
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5.2. Future Suggestions 
So far, the research Vv'ork has been done with poorly characterized 
materials hence there is a need for better characterization to 
understand various phenomena taking place in the composite films. 
" The polymerization of aniline in the matrix of polyacrylonitrile so 
as to get homogeneous composite samples 
« The study of the cause of decrease in conductivity of samples 
during storage under ambient conditions attributed to the loss of 
dopant, the chemical reaction of dopant with polymer or oxidative 
degradation of composites. 
• To improve battery reversibility and stability in aqueous solutions, 
increase coulombic efficiency and self-discharge rate of the cell 
and the life-cycle of PANI secondary batteries by means of 
electrochemical and surface-analysis techniques. 
* The effect of different factors on the diffusion coefficients of ions 
in PANI: PAN composite films, such as temperature, diffusant 
size and concentration, diffusant solubility in the polymer, 
electrostatic interactions and impurities etc. 
The scope of applications of these conducting composite 
materials as currently understood and thoroughly explored is making 
ways for the future, in the following areas: 
• The aqueous polyaniline batteries can be charged and discharged 
at a high current density and has an excellent cyclability with a very 
high coulombic efficiency, although its capacity being low. The 
applications of various other conducting polymers in rechargeable 
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batteries have been investigated thoroughly but polyaniline is the 
most studied electro-active polymer. 
' The films based on conducting polymer are attractive for ion 
sensors where they may act as working electrode of the sensing 
device. The selectivity and sensitivity of these films are generally 
used to detect different organic and inorganic ions and various 
organic compounds as chemical sensors. 
" Apart from the above uses, conducting polymer electrodes have 
been employed in the design of supercapacitors. Recently, some 
composite polymer electrodes with carbon and carbon nanotubes 
have been tested as positive and negative electrodes in 
supercapacitors for electric vehicle applications. 
• One of the interesting and innovative applications is in 
electrochromic windows, for instance, windows in 
buildings/automobiles which can be made to go from low 
transmitting (during the day) to high transmitting (during the night). 
• Semi-conductive polymers have been an active component of 
Metal-lnsulator-Semi-conductor Field Effect Transistors (MISFETs). 
Also organic LEDs are likely to revolutionize the world of conducting 
polymers. 
• The biocompatability of some conductive polymers may be used to 
transport electric signals through the body nerves and muscles as 
"artificial nerves" and "artificial muscles". 
" Polymers have similarly made way in photography, aircraft industry 
and as 'smart' structures. 
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